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ABSTRACT  
 
Implementing Field Portable X-Ray Fluorescence during 
Environmental Investigations for Radioactive Materials  
By Neil T. Miller 
 
Rochester Institute of Technology, 2011 
 
 
During sampling or remediation of radiologically contaminated sites quantitative results are 
needed to determine where to sample or where to excavate soils. Although some portable 
gamma spectroscopy equipment does exist for field identification of radionuclides, they are not 
commonly used during remedial investigations. The current, and very common, process for 
sampling involves scanning soil with field portable gross measuring radiation detectors (i.e. 
Sodium Iodide, Scintillation, etc) that measure counts per minute of ionizing radiation; this does 
not give any information on the nuclides present or their concentrations in the soil. Samples are 
then collected at biased locations, based on the results of the field detectors, and sent to an on-
site or off-site laboratory for analysis (i.e. gamma-spectroscopy, alpha-spectroscopy, etc) to 
determine what nuclides are in the soil and quantitate their concentration. If an on-site 
laboratory is not used it may take a few weeks to receive data back from off-site analysis, which 
inhibits real-time decision making while sampling and adds costs to a project.  
 
One potential method to determine real-time concentrations of metals in soil is through the use 
of a field portable x-ray fluorescence (XRF) device.  This thesis will examine the relationship 
between laboratory isotopic thorium and uranium to XRF results of elemental uranium and 
thorium which are contaminants of concern found at Formally Utilized Remedial Action Program 
(FUSRAP) sites. The FUSRAP properties were contaminated during the United States early 
atomic weapons era and are being remediated by the United States Army Corps of Engineers 
(USACE) as part of a federal remediation program. Both thorium and uranium are radioactive 
metals that will be investigated to determine if XRF devices can detect their presence at 
environmental levels of significance to assist in the investigation and remediation of future 
FUSRAP projects.  
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1.1 Introduction 
During sampling or remediation of radiologically contaminated sites quantitative results are needed to 
determine where to sample or where to excavate soils. Although some portable gamma spectroscopy 
equipment does exist for field identification of radionuclides, they are not commonly used during 
remedial investigations. The current, and very common, process for sampling involves scanning soil with 
field portable gross measuring radiation detectors (i.e. Sodium Iodide, Scintillation, etc) that measure 
counts per minute of ionizing radiation; this does not give any information on the nuclides present or 
their concentrations in the soil. Samples are then collected at biased locations, based on the results of 
the field detectors, and sent to an on-site or off-site laboratory for analysis (i.e. gamma-spectroscopy, 
alpha-spectroscopy, etc) to determine what nuclides are in the soil and quantitate their concentration. If 
an on-site laboratory is not used it may take a few weeks to receive data back from off-site analysis, 
which inhibits real-time decision making while sampling. For example, if a laboratory analysis comes 
back with samples showing high concentrations, 30 days after sampling is completed, a costly re-
mobilization might be necessary to bound the contamination.  
 
One potential method to determine real-time concentrations of metals in soil is through the use of a 
field portable x-ray fluorescence (XRF) device.  This thesis will examine the relationship between 
laboratory isotopic thorium and uranium to XRF results of elemental uranium and thorium which are 
contaminants of concern found at Formally Utilized Remedial Action Program (FUSRAP) sites. The 
FUSRAP properties were contaminated during the United States early atomic weapons era and are being 
remediated by the United States Army Corps of Engineers (USACE) as part of a federal remediation 
program. Both thorium and uranium are radioactive metals that will be investigated to determine if XRF 
devices can detect their presence at environmental levels of significance to assist in the investigation 
and remediation of future FUSRAP projects.  
 
1.1.1 Focus 
The author conducted research which:  
1) analyzed 98 soil samples during a remedial investigation at a FUSRAP site using an XRF analyzer 
and compared those results to that of an accredited off-site laboratory.  
2) analyzed 22 archived samples having known concentrations, to compare to XRF results  over 
large ranges of contaminant concentration  and for a variety of analytes; 
3) evaluated the significance of soil matrix effects on XRF results; 
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4)  investigated sample preparation and collection procedures to increase sensitivity  of detection ; 
5) will determine if an XRF analyzer is a cost effective tool capable of  making real-time decisions at 
FUSRAP remediation/investigation projects; 
  
1.1.2 Significance 
This research was selected due to the need for fast, non intrusive, real-time decision making during field 
radiological investigation and remediation. Commonly used technology for in-situ analysis (sampling in 
place) is not capable of giving concentrations of contamination needed to determine if a location meets 
site cleanup goals. Handheld gamma spectroscopy is available but is not common in the remedial 
investigation phases at FUSRAP projects. Without experimentation and analysis there is uncertainty of 
whether or not XRF analysis of in-situ or ex-situ samples is comparable to off-site laboratory analysis and 
ultimately useful for uranium and thorium investigations. 
 
Research has shown that XRF can be a very fast, powerful, cost effective technology for site 
characterization (EPA: Test Method 6200) for chemical analytes and this research intends to determine 
if these strengths will carry over during radiological investigations of sites containing thorium and 
uranium. Although X-Ray Fluorescence has been used for decades as an atomic spectroscopy method to 
determine contents of materials there are only a few scientific studies which show the application of 
tube-based XRF to assist in real-time decision making at radiological projects.  
 
There are many variables which need to be investigated to determine how they will affect XRF results 
including the moisture content, homogeneity, count-time, geometry of the soil, and spectral /chemical 
interferences. Without a holistic investigation into what affects the sensitivity and results of a XRF there 
will be no logical way to use this technology in place of laboratory analysis. Based on the results of this 
study it may be possible to use an XRF at future projects as a screening tool for soil and sediment, which 
contain elemental thorium and uranium. 
 
1.1.3 Purpose 
This research gathered historical data to perform an objective assessment regarding XRFs viability as a 
qualitative and quantitative screening tool for thorium and uranium in soil at FUSRAP remedial 
investigation and remedial action projects and evaluate the correlation between in-situ/ex-situ sampling 
and laboratory analysis.  
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1.1.4 Research Questions 
The questions of primary and secondary research interest were: 
1.1.4.1Primary 
Can real-time decisions be made using XRF to guide radiological environmental projects? 
 
1.1.4.2 Secondary 
Can a correlation between XRF in-situ analysis and standard laboratory methods be determined? 
1.2 Background  
Since the advent of the United States Environmental Protection Agency (EPA) in 1970 there have been 
regulatory limits set on various environmental contaminants. This section will explain the United States 
regulatory structure on radiological contamination in the environment and the history of cleaning up 
sites contaminated from the countries early atomic weapons era including typical methods for detection 
of radiation and the need for real-time decision making.  
1.2.1 Formally Utilized Sites Remedial Action Program (FUSRAP) 
FUSRAP stands for the Formerly Utilized Sites Remedial Action Program, a program initiated in 1974 to 
identify, investigate and remediate or control sites that were part of the Nation's early atomic energy 
and weapons program (Manhattan Project) during the 1940s, 1950s and 1960s. Activities at sites that 
are eligible under FUSRAP were conducted by the Manhattan Engineer District (MED) or the Atomic 
Energy Commission (AEC), both predecessors of the Department of Energy (DOE). The responsible party 
for cleanup of FUSRAP properties was the US Department of Energy, which initially identified 47 sites 
across 14 states which were part of the program (USACE, 2006). 
 
In October 1997, Congress transferred management of FUSRAP to the USACE which now identifies, 
investigates and remediates or control sites throughout the United States that became contaminated as 
a result of the Nation’s early atomic energy program (Memorandum of Understanding Between DOE 
and USACE, 1997) 
 
Every step of the FUSRAP cleanup process is regulated by a number of Federal and State laws and their 
implemented regulations. The main framework for FUSRAP clean-up follows the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA) of 1980. CERCLA established a 
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framework to investigate the history, extent of contamination, remedial design and clean-up of sites if 
deemed necessary.  Each FUSRAP site is unique and may need to meet the requirements of other 
specific laws designed to apply to certain types of contaminants or to particular types of cleanup 
circumstances. For example, if digging operations has the potential to release contaminated dust 
particles into the air, FUSRAP may need to comply with the requirements of the Clean Air Act. In other 
situations FUSRAP may need to comply with different laws such as the Toxic Substances Control Act, the 
Clean Water Act, and/or the Safe Drinking Water Act, the Atomic Energy Act, and the Uranium Mill 
Tailings Radiation Control Act (USACE, 2002). 
1.2.2 FUSRAP Process 
There are several steps that need to occur after a project is assigned to the USACE and prior to the 
release of a FUSRAP property. These steps follow the CERCLA process and are summarized below and in 
the process diagram, Figure 1.1, (USACE, 2002).   
 
The first phases of a project are geared towards investigation and starts with a preliminary assessment 
(PA) which will collect any available information about the site including history, photographs, type of 
work performed, etc. Following this a Site Inspection (SI) may be performed to determine if FUSRAP-
related contaminants are found on the property and if a further investigation of the contamination is 
needed. If there is evidence of government liability for the contamination a Remedial Investigation (RI) 
will start in order to determine the type, amount and locations of contamination in order find out the 
risk to the environment and human health the site poses. It is during the RI phase of a project that an 
XRF can be used to help determine contamination concentrations. If a site is found to create a potential 
risk to human health or the environment, the project will move into a Feasibility Study (FS) where 
possible solutions or controls to decrease the risks associated with the contamination will be 
investigated. Once a clean-up option is chosen a Proposed Plan (PP) will be drafted to explain the 
rationale and details of the solution.  At this point in the project the public and stakeholders are asked to 
comment and review the options to assist in the decision making of the property. After all comments 
have been received a Record of Decision (ROD) is written which outlines the final decision leading to the 
close out of the FUSRAP property.  
 
The last stage of a FUSRAP property involves implementing the remedial action which is geared toward 
final close-out of a site such that USACE can transfer the property back to the DOE for long-term 
stewardship.  The first step of this phase is the Remedial Design (RD) which will outline all of the details 
9 
 
on how the project will be remediated following the ROD criteria. Finally, the remedial action takes 
place which will involve physically removing or containing the identified contaminated soils to the clean-
up criteria established in the ROD. During this phase an XRF could be used to help confirm areas of 
contamination and potentially be used to classify waste being sent to a licensed disposal site. After the 
remediation of a FUSRAP property the project is transferred back to the DOE as part of their Legacy 
Management program. Figure 1.1 depicts the process a FUSRAP property will follow from start to finish 
with the US Army Corps of Engineers, following the CERCLA process.  (USACE, 2002; Memorandum of 
Understanding Between DOE and USACE, 1997) 
 
Figure 1.1 - The FUSRAP Process
 
1.2.3 Cleanup Goals for FUSRAP Remediation 
A critical step in the FUSRAP process is determining the future land use of a property, typically 
forecasting out over the next 100 years of potential use. There are various exposure scenarios and 
exposure pathways used to calculate dose to the public including Subsistence Farmer, Industrial Worker, 
Residential, etc.  Each scenario uses different input parameters which dictate different exposure 
pathways and property characteristics. For example, the most stringent scenario is subsistence farmer in 
which it is assumed that a person will live on the property, once remediated, and they will eat 
vegetables off of the land, eat fish from a pond, drink milk from a cow that grazes off of the lawn and 
they will drink water from a well located on site. In this scenario the person onsite will have the most 
pathways possible to obtain a dose (direct, ingestion, etc). Alternatively some sites will be cleaned up to 
an industrial scenario where a certain exposure time is established such as 8 hour work days for a 
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certain amount of weeks a year and some pathways are not considered such as the worker eating 
vegetables onsite and drinking from a well.  
The USACE - Buffalo District currently has 11 FUSRAP properties at various stages of investigation. Table 
1.1 summarizes clean-up criteria for thorium and uranium established at USACE-Buffalo’s projects based 
on the future land use scenarios outlined in their respective record of decision. An important point of 
this table is that clean-up goals will be much more stringent on scenarios where the future land use 
entails people who will live on the land than scenarios where it will be a commercial/industrial property. 
  
Table 1.1 - Selected USACE- Buffalo District FUSRAP project specific Derived Concentration Guideline Levels 
(DCGL’s) for Thorium and Uranium. 
 
Considering the clean-up criteria in Table 1.1, this thesis will try to determine if a field portable XRF is 
capable of determining isotopic thorium and uranium at levels set by project specific ROD’s for use 
during the remedial investigation and remedial action phases of the FUSRAP process. This includes total 
thorium in concentrations ranging from 0 pCi/g to 200 pCi/g and total uranium ranging from 0 to over 
3000 pCi/g. (Note: The USACE Buffalo District has each project Record of Decision posted on their 
website located at http://www.lrb.usace.army.mil/fusrap/) 
1.2.4 Contaminants of Interest 
As described in the DOE - Office of Environmental Management’s publication Linking Legacies, January 
1997, the activities of the nuclear weapons production in the United States can be grouped into eight 
major processes:  
• Mining, millings, and refining uranium; 
• Isotope separation 
• Fuel and target fabrication for production reactors; 
• Reactor operations to produce nuclear materials; 
Site Name Record of Decision (ROD) Date ROD Criteria Scenario
Linde March 2000 Surface: Th-230 14 pCi/g; Utotal 554 pCi/g; Commercial/Industrial
Subsurface: Th-230 44 pCi/g; Utotal 3021 pCi/g
Painesville April 2006 Th-230 25 pCi/g; Th-232 6 pCi/g; Utotal 482 pCi/g Construction Worker
Ashland 1 & 2 September 2004 Th-230 40pCi/g; U-238 35pCi/g Urban Resident 
Luckey June 2006 Th-230 5.8pCi/g; U-234 26pCi/g; U-238 26pCi/g Subsistence Farmer
SLDA August 2007 Th-232 1.4 pCi/g; U-234 96 pCi/g; U-238 120 pCi/g Subsistence Farmer
Rattlesnake Creek April 1998 Based on 10,000m
2, 100m2, 1m2: Th-230 12, 14, 146 
pCi/g; U-238 350, 450, 2000 pCi/g
Residential
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• Chemical separations of plutonium, uranium and tritium from irradiated fuel and target 
elements; 
• Component fabrication 
• Weapon operations, including assembly, maintenance, modification and dismantlement; 
• Research, development and testing.  
This research will focus on isotopic thorium and uranium which are found at small levels in the 
environment and at FUSRAP properties due to the processes carried out during the Manhattan project. 
This thesis will determine if it is feasible to detect elemental thorium and uranium with a field portable 
x-ray fluorescence device during the remedial investigation and remedial action portion of the FUSRAP 
process. The radioactive properties and decay modes of thorium and uranium and their respective 
progeny are described in section 1.2.4.1 and 1.2.4.2. (Note: Isotopes are different forms of an element 
that have the same number of protons in the nucleus but a different number of neutrons. Each isotope 
of an element will have the same chemical properties.) 
1.2.4.1 Thorium  
Thorium is a radioactive element that occurs naturally in low concentrations (about 10 parts per million) 
in the earth’s crust (Argonne, 2005). It is about three times as abundant as uranium and about as 
abundant as the elements lead or molybdenum. In nature, almost all thorium is the isotope thorium-
232. As shown in Table 1.2 & Figure 1.2 the decay mode for thorium is through alpha decay with a few 
daughters emitting low energy and low intensity gamma radiation.  At environmental levels, and typical 
clean-up guidelines, the isotope Th-230 is not identifiable in the field with currently available real-time 
measurement technologies. Quantitative estimates of thorium-230 at FUSRAP clean-up levels require 
alpha spectroscopy.   
 
For some isotopes of thorium, such as Th-232, spectral gamma data can be analyzed for the thorium 
progeny (daughter products) which emit gamma radiation. As an example, if enough time has elapsed 
that material can be assumed to be in equilibrium with thorium progeny (radioactive daughter 
products), the presence of a second thorium decay product, actinium-228, can be used to measure Th-
232 activity. “Actinium-228 (Ac-228) in equilibrium with Th-232 produces prominent photon (gamma) 
emissions at 338, 911, and 969 KeV. The Ac-228 911- and 969-keV gamma emissions were selected for 
evaluation and quantification for determining the activity level for Th-232” (ITRC, 2006). Using the 
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gamma emissions of the daughter products of alpha emitting isotopes, and knowing the ratios of each 
radioisotope, is commonly used to determine concentrations of nuclides with gamma spectroscopy.  
 
Thirty isotopes of thorium are known with atomic masses ranging from 210 to 237, all of which are 
unstable (Hammond, 2005). Thorium-232 occurs naturally and has a half-life of 1.4x1010 years. It is an 
alpha emitter that goes through six alpha and four beta decay steps before becoming the stable isotope 
lead 208.  
 
 
Table 1.2 – Radioactive Properties of Thorium Isotopes 
Isotope Half-Life 
Natural 
Abundance 
(%) 
Specific 
Activity (Ci/g) 
Decay 
Mode 
Radiation Energy (MeV)  
Alpha 
(α) 
Beta 
(β) 
Gamma 
(γ) 
Thorium 232 14 Billion Years >99 0.00000011 α 4.00 0.012 0.0013 
Thorium 230 77,000 Years <<1 0.02 α 4.70 0.015 0.0016 
Thorium 229 7,300 Years <<1 0.22 α 4.90 0.120 0.0960 
Information From: Argonne National Laboratory - Human Health Fact Sheet, 2005 
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Figure 1.2 – Natural Decay Series: Thorium-232 
 
 
Argonne National Laboratory - Human Health Fact Sheet: Natural Decay Series of Uranium, Radium and 
Thorium; 2005 
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1.2.4.2 Uranium 
Uranium is a radioactive element that occurs naturally in low concentrations (a few parts per million) in 
soil, rock, surface water, and groundwater (Argonne, 2002).  It is the heaviest naturally occurring 
element with an atomic number of 92. In a typical sample of natural uranium, almost all of the mass 
(99.27%) consists of atoms of the isotope uranium-238 as shown in Table 1.3.  
Table 1.3 – Radioactive Properties of Uranium Isotopes 
Isotope Half-Life 
Natural 
Abundance 
(%) 
Specific 
Activity 
(Ci/g) 
Decay 
Mode 
Radiation Energy (MeV)  
Alpha 
(α) Beta (β) 
Gamma 
(γ) 
Uranium 238 4.5 Billion Years >99 0.00000034 α 4.20 0.010 0.0014 
Uranium 236 23 Million Years 0 0.000065 α 4.50 0.011 0.0016 
Uranium 235 700 Million Years 0.72 0.0000022 α 4.40 0.049 0.1600 
Uranium 234 240,000 Years 0.0055 0.0063 α 4.8 0.013 0.0017 
Uranium 233 160,000 Years 0 0.0098 α 4.8 0.0061 0.0013 
Uranium 232 72 Years 0 22 α 5.3 0.017 0.0022 
 
Argonne National Laboratory - Human Health Fact Sheet: Uranium, 2005 
All uranium isotopes are radioactive. The three natural uranium isotopes found in the environment, U-
234, U-235, and U-238, undergo radioactive decay by emission of an alpha particle accompanied by 
weak, low energy, gamma radiation. The dominant isotope, U-238, forms a long series of decay products 
(Figure 1.3) that includes the key radionuclides radium-226, and radon-222. The decay process 
continues until a stable, non-radioactive decay product (Pb-206) is formed. 
 
The Interstate Technology and Regulatory Council (ITRC) is a coalition of state environmental regulators 
working with federal partners, industry, and stakeholders to advance innovative environmental decision 
making. A good summary of the methods employed to detect isotopic thorium and uranium in the field 
is presented in the ITRC’s 2006 document titled “Real Time Measurements” and will lead us into the 
next section on field and laboratory measurement of radioactive material.  
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“For many commonly encountered radionuclides such as Th-232, Ra-226, cesium-137 (Cs-137), cobolt-60 
(Co-60), Ra-228, and U-238, there are scanning technologies available that will perform well for clean-up 
criteria requirements. For others, including thorium-230 (Th-230), various plutonium isotopes, 
technetium-99 (Tc-99), and tritium, directly identifying the presence of these radionuclides at likely clean-
up criteria levels with a scanning technique may not be possible. Instead, they may be collocated with 
other gamma-emitting radionuclides that can act as proxies or surrogates during a surface scan.” – ITRC, 
2006 
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Figure 1.3 – Natural Decay Series: Uranium-238 
 
 
Argonne National Laboratory - Human Health Fact Sheet: Natural Decay Series of Uranium, Radium and 
Thorium; 2005 
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1.2.5 Methods to Measure Radiation 
There are three types of radiation (alpha, beta & gamma) found at FUSRAP projects which can be 
identified with field equipment. The section below will discuss typical methods used to detect radiation 
during the remedial investigation and remedial action phases.  
1.2.5.1 Field Methods   
During environmental investigations at FUSRAP properties there will be air, soil, sediment and 
groundwater samples collected. This thesis will focus on soil sampling. Typical sampling procedures will 
involve a field crew using a Sodium Iodide (NaI) detector which measures gamma radiation and reads 
out in number of counts per minute.  The NaI detectors come with different size crystals which will allow 
users to detect different energy levels of radiation. The most common detector is either the 2”x2” or 
3”x3” crystal. These instruments are often used with global positioning system equipment to gather and 
record radiation measurements at spatial locations across a site, surface contamination only, letting the 
user generate a map showing areas of contamination. Based off of the initial screening with a NaI 
detector bias locations are chosen to determine the contamination at depth using geoprobe sampling 
equipment which allow for samples to be collected from depths exceeding 40 feet below surface level. 
Once the soil cores are removed from the ground using a geoprobe unit they are typically laid out on a 
sampling table and screened with a NaI detector and the gamma radiation counts per minute is 
recorded in a field log book. From here a sample could be collected from a location along the soil core 
where an elevated reading was found.  
Another piece of equipment used is a Geiger Muller (GM) counter which is used to determine alpha and 
beta contamination. One type of GM counter is called a “pancake GM” which is typically used for finding 
contamination and used to frisk employees when leaving radiation zones. A pancake GM counter is 
commonly used to detect radiation on soil cores and can be used in the same manner described above. 
The GM detector has a read out that shows the counts per minute of radiation detected.  
A final piece of equipment that will be discussed, applicable to this thesis, is the scintillation detector 
which is used to detect alpha and/or beta radiation. This equipment, like NaI and pancake GM detectors, 
measures counts per minute and is capable of distinguishing between alpha and beta radiation based on 
the internal electronics.  
Advantages of these field methods are that they can detect radiation in the field and are great at 
determining what intervals will be useful to collect samples at. The disadvantage of these detectors is 
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that they read out in counts per minute and cannot inform the user of what elements are in the soil or 
what concentration they are at. This is important because the clean-up criteria of FUSRAP projects, as 
determined by their ROD, are given as a concentration of the activity per gram of soil, which cannot be 
determined using standard field NaI, Geiger Muller or Scintillation detectors.  All of the samples will 
need to be sent to an onsite or offsite laboratory to determine the radionuclide concentrations of the 
soil. (Note: Portable gamma spectroscopy devices are available which will provide a user with isotopic 
information for a sample but not concentrations. These devices are uncommon at FUSRAP 
investigations) 
1.2.5.2 Laboratory Methods   
The two most common laboratory methods for analyzing soil samples at FUSRAP projects are gamma 
and alpha spectroscopy. Using a combination of both methods one can determine the exact 
concentrations of both alpha and gamma emitting isotopes in the sample in pico Curies per gram of soil 
(pCi/g). (Note: picocurie/gram refers to 10-12 Curies of activity per gram of soil.)  
Gamma spectroscopy involves the analysis of radionuclides by determining the energy of gamma rays 
emitted by radioactive substances. While a Geiger Muller counter, described in the previous section, 
determines only the count rate (i.e. the number of gamma rays hitting the detector in one second) 
analysis by gamma spectroscopy along with sample preparation allows a laboratory to determine the 
activity per unit gram of soil. An advantage to this laboratory method is that, in a controlled setting, the 
users can shield the detector to lower background radiation and use liquid nitrogen to cool the detector 
which will decrease spectrum noise and give a high resolution spectrum of the radiation present. 
Computer software is used to determine which isotopes are present by comparing the data to a library 
of known energy peaks and intensities. During remediation or investigation of a site an onsite laboratory 
can be used that is equipped with a gamma spectroscopy device or the samples can be sent offsite to a 
laboratory. If an onsite laboratory is not used the turnaround time to receive data back from off-site 
gamma spectroscopy could take over 30 days which will inhibit real-time decision making. This is a large 
disadvantage if the project is in the remediation phase and clean-up of an area is waiting on results from 
a laboratory to confirm it is cleaned up below the ROD criteria.  
The second laboratory method applicable to this thesis is alpha spectroscopy which measures alpha 
particles emitted from radioactive substances. This laboratory method is currently not feasible to do on-
site due to sample preparation/dilution requirements and there will be a delay in receiving results from 
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an offsite laboratory. This method is commonly used to determine concentrations of thorium and 
uranium isotopes during FUSRAP projects.  
An in-depth look into laboratory methods goes beyond the scope of this thesis but this overview was 
intended to show there is need for a real-time measurement device which can observe environmental 
levels of the contaminants of interest (thorium and uranium) to expedite the long turnaround time of 
confirmatory samples with off-site laboratory methods.  
 
One mentionable study by Romanok, 2009, compared the most common methods of detection of 
isotopic uranium in a laboratory: alpha spectroscopy, gamma spectroscopy and inductively-coupled 
plasma mass spectroscopy (ICP-MS). This thesis will not consider ICP-MS since historically it has not 
been used as often as alpha or gamma spectroscopy on FUSRAP projects. In Romanok’s study it was 
mentioned that alpha spectroscopy preparation is fairly extensive due to the need to isolate elements of 
isotopic interest and must be converted into a liquid matrix. Similar to XRF, as we will see, the volume of 
soil used in alpha spectroscopy is very low (on the order of 20 grams) to represent an entire sample with 
many opportunities for error during preparation and analysis.  Gamma spectroscopy is non-destructive 
and can analyze larger sample volumes than XRF or alpha spectroscopy, but without sample knowledge 
and surrogate isotopes selected one might not be able to quantitate isotopic thorium concentrations 
with this method. A combination of both gamma and alpha spectroscopy is needed for most remedial 
investigations in order to determine the isotopic content of its contaminants.  
 
Although laboratory analysis provides an accurate and precise analytical result they are time-consuming 
and costly which often leads to delays in decisions that are based on laboratory results (Hou, 2000).The 
next section of this thesis will explain the importance of real-time decision making during environmental 
projects.   
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1.2.6 TRIAD: Focus on Real-Time Measurement and In-Field Adjustment 
A great summary of current environmental remediation procedures and the change in process over time 
is presented below from the Interstate Technology & Regulatory Council (ITRC, 2003): 
“The current methodology for site characterization (created to support early cleanup programs) includes 
a multistage investigative process that was intended to provide sufficient understanding of site 
contamination issues to take remedial action. This process has proved to be very expensive and time-
consuming. When this methodology was developed in the 1980s, there were good reasons to adopt a 
carefully staged approach to site characterization, ranging from the need to build a base of knowledge in 
this field to the tremendous complexity involved when predicting contaminant behavior in natural 
geologic settings. In addition, analytical methods required the controlled environment of static 
laboratories for proper implementation and quality control (QC) oversight. When this reality was 
combined with periodic budgeting cycles for government funded work, it is not difficult to understand 
how multiple investigations—each with its own multiyear cycle of work plan preparation, field work, and 
report of findings—became the accepted approach.” 
 
The U.S. Environmental Protection Agency (EPA) has combined the best elements from a number of 
initiatives designed to improve restoration effectiveness and calls the resulting synthesis the “Triad 
approach.” The Triad approach is a decision-making tool for hazardous waste sites which offers a 
technically defensible methodology for managing decision uncertainty that leverages innovative 
characterization tools and strategies. The Triad refers to three primary components: systematic 
planning, dynamic work strategies, and real-time measurement systems. The backbone of the TRIAD 
approach is providing information which can be used by a projects team to guide the rest of the project. 
This is important for the topic of this thesis because there may be new areas to investigate based off of 
the measurements found during sampling which might not have been expected.  (ITRC, 2006) 
 
In many cases of environmental sampling or remediation, a high level of accuracy is not essential and a 
general quantitative analysis may be adequate for project goals. For field screening of soils, a fast tool 
capable of determining locations that exceed action levels is important and only samples from those 
locations will be transported to an analytical laboratory for further more accurate analysis (Hou, 2000). 
The remainder of this thesis will focus on field portable x-ray fluorescence devices and their application 
of real-time measurements, the backbone of the triad approach and decision making in the field. 
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1.3. Literature Review 
1.3.1 X-Ray Fluorescence Theory 
In 1895, X-rays were discovered by the German physicist Wilhelm Conrad Röentgen. He determined that 
a beam of high-speed electrons striking a metal target produced a new and extremely penetrating type 
of radiation. This new discovery started to be used to produce medical images and several years later it 
became evident that x-rays were electromagnetic vibrations similar to light but with extremely short 
wavelengths and great penetrating power (Serway,  et al. 2005).  
In 1913 Henry G.J. Moseley discovered a direct way to measure the atomic number from the 
characteristic x-ray wavelengths emitted by an element. Moseley measured the wavelengths of the 
characteristic x-ray line spectrum for about 40 different target elements. He noted that the x-ray line 
spectrum varied in a regular way from element to element, unlike the irregular variations of optical 
spectra. Moseley surmised that regular variation occurred, in characteristic x-ray spectra, due to 
transitions involving the innermost electrons of the atoms (Tipler, 1978). Moseley measured the Z-
values of elements systematically, using what are known as secondary X-rays. When a beam of X-rays 
passes through matter, atomic electrons can absorb the photons in the beam and be ejected from the 
atom. Electrons from higher shells can then make transitions to the newly created hole. The frequencies 
of the radiation emitted when these transitions take place covers a range that corresponds to the 
difference in energy between the levels in question. (Bernstein, et al. 2000).  If you send a photon into 
an atom with an energy greater than the binding energy of an electron in that atom, the photon can 
knock that electron out of its orbit, leaving a hole (or vacancy). This hole can then be filled by another 
electron in the atom, giving off an x-ray in the transition to conserve energy. This process is known as 
fluorescence. Electrons with different binding energies can fill vacancies in the electron shells and a 
variety of energy peaks can be seen in an x-ray spectrum.  
X-ray production typically involves bombarding a metal target in an x-ray tube with high speed electrons 
which have been accelerated by tens to hundreds of kilovolts of potential. The bombarding electrons 
can eject electrons from the inner shells of the atoms of the metal target. Those vacancies will be 
quickly filled by electrons dropping down from higher levels, emitting x-rays with sharply defined 
frequencies associated with the difference between the atomic energy levels of the target atoms. 
(Georgia State University, 2001) 
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Figure 1.4 - Moseley (1913) 
 
Figure 1.4 shows the linear relationship found between an atoms atomic number and the square root of 
the frequency of its atomic x-rays first published in Henry Moseley’s “The High Frequency Spectra of the 
Elements” paper in 1913. 
Every element has an X-ray line spectrum that contains a series of discrete energies with intensities 
related to the probability that a particular transition will occur. The X-rays emitted in this process are 
characteristic of the atom, and provide qualitative identification of the element (Kalnicky, 2001). This is 
similar to the theory of gamma spectroscopy where decay transitions will result in known energy peaks 
on a spectrum and software can be used to determine the identity of the isotopes in the sample.  The 
primary photons from the X-ray tube have enough energy to knock electrons out of the innermost, K or 
L, orbital’s. When this occurs, the atoms become ions, which are unstable.  
1.3.1.1 X-Ray Transitions 
Characteristic x-rays are labeled as K, L, M or N to denote the shells they originated from. Another given 
to transitions are the designation alpha (α), beta (β) or gamma (γ) to mark the x-rays that originated 
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from the transitions of electrons from higher shells. As an example, and explained by Amp-Tek 
literature, a K α  x-ray is produced from a transition of an electron from the L to the K shell, and a K β  x-
ray is produced from a transition of an electron from the M to a K shell, etc. Since within the shells there 
are multiple orbits of higher and lower binding energy electrons, a further designation is made as α1, α2 
or β1, β2, etc. to denote transitions of electrons from these orbits into the same lower shell. The labeling 
system is explained in more detail in Section 1.3.1.2.  Figure 1.5, displays the labeling system established 
for allowable energy transitions in an atom. (Amp-Tek, 2002) 
Figure 1.5 –  XRF Nomenclature 
 
Source: Georgia State University – Hyper Physics; Department of Physics and Astronomy 
 
Graphically the transitions can be shown as in Figure 1.6 where a vacancy in a shell is filled by an 
electron from a higher energy shell (i.e. from L to K). In this process, the atom emits a characteristic x-
ray unique to this element and in turn, produces a vacancy in the shell which the electron moved from. 
For example, when a vacancy is left in the L shell an electron from the M or N shell will transition to 
occupy that vacancy, leaving a vacancy in the M or N shell. This process will continue in such a way that 
there can be multiple characteristic x-rays that are produced which are identifiable by their energy 
transitions on a spectrum.  
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Figure 1.6 – XRF Process 
  
Source: Amptek Inc; The X-Ray Fluorescence Process (http://www.amptek.com/appnotes.html) 
 
1.3.1.2 Nomenclature of X-Ray Spectroscopy 
The nomenclature used for X-ray emission spectra was first introduced in the 1920’s by the Swedish 
physicist Manne Siegbahn and is based upon the relative intensity of lines from different series. It gives 
no information about the origin of these lines. Since it was introduced, a number of lines have been 
observed which have not been classified within the Siegbahn nomenclature, particularly for the M and N 
series. As a result of information being left out of the labeling system and a need to improve the current 
nomenclature, an organization called the International Union of Pure and Applied Chemistry (IUPAC) 
developed a new system to label x-ray emission spectra (IUPAC and Jenkins et al., 1991). Figure 1.7 
compares the two nomenclature systems: 
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Figure 1.7 – X-Ray Line Nomenclature 
 
Source: Janssens, X-Ray Based Methods of Analysis, 2004 
For the duration of this paper the Siegbahn system for labeling x-ray spectra will be used.  
1.3.1.3 X-Ray Spectra of Thorium and Uranium 
Founded in 1901, the National Institute of Standards and Technology (NIST) is a non-regulatory federal 
agency within the U.S. Department of Commerce. NIST's mission is to promote U.S. innovation and 
industrial competitiveness by advancing measurement science, standards, and technology in ways that 
enhance economic security and improve our quality of life. The Physics Laboratory is one of the major 
operating units of the NIST. Its mission is to support United States industry by providing measurement 
services and research for electronic, optical, and radiation technologies. The Laboratory: pursues 
directed research in the physical sciences; develops new physical standards, measurement methods, 
and data. One of the measurements that NIST carries out is the X-ray transition energies of every 
element and transition level. Table 1.4 shows a select few transition energies for thorium and uranium 
provided by NIST’s electronic “X-Ray Transition Energies Database” (Deslattes, 2010).  
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Table 1.4 – Thorium and Uranium X-Ray Transition Energies 
Element Symbol Atomic # K Alpha1 (keV) K Beta1 (keV) L Alpha1 (keV) L Beta1 (keV) 
Thorium Th 90 93.3479 105.6019 12.967937 16.201556 
Uranium U 92 98.4336 111.2985 13.6146 17.2187 
 
The Lα and Lβ energies for uranium and thorium, listed above,  are visible with field portable x-ray 
fluorescence analyzers and will be used to choose viewing windows during the experimental portion of 
this thesis.  
Lawrence Berkeley National Laboratory (LBNL) published a paper titled “Viewing the Periodic Table of 
the Elements with X-rays” in 2002 which looked at 63 target elements on the periodic table. The 
research lead to spectrums of each of the elements characteristic X-rays, which were later posted 
online, to give an interactive view of energy level and peak intensities. The following two figures, 1.8 and 
1.9, show the characteristic X-ray spectrum for both thorium and uranium labeled with the energy levels 
measured by NIST.  
Figure 1.8 - Lawrence Berkeley National Laboratory, 2002 (http://ie.lbl.gov/xray/th.htm) 
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 Figure 1.9 - Lawrence Berkeley National Laboratory, 2002 (http://ie.lbl.gov/xray/u.htm) 
 
Figures 1.8 and 1.9 shows characteristic x-rays for a standard of total thorium and total uranium. 
Research into the effect of varying isotopic ratios in soil samples shows a negligible difference in 
spectrums (Elliot et al., 1997). This is because different isotopes of a given element all have the same 
number of protons, electrons and the same electronic structure; because the chemical behavior of an 
atom is largely determined by its electronic structure, isotopes exhibit nearly identical chemical 
behavior. Therefore, if a soil sample contained only thorium-230, it would show the same characteristic 
x-ray spectrum as a sample which contained nearly all thorium-232 or any other thorium isotope for 
that matter.  
1.3.2 Field Portable X-Ray Fluorescence (XRF) 
The focus of this thesis is to determine the applicability of XRF in real-time decision making at 
radiological sites. From this point on the paper will focus solely on this type of instrument. The 
alternative option would be to collect a sample and send it to a laboratory for XRF analysis, which goes 
against the idea of making real-time decisions and reducing laboratory costs.  This paper will address if 
field portable XRF is a suitable alternative to off-site analysis.  An irradiation source is needed to produce 
incident photons capable of making samples exhibit fluorescence. There are two types of XRF detectors 
which are used to irradiate samples: Radioisotope and X-Ray Tube.  There are four major components of 
a field portable XRF spectrometer, as explained in the EPA Test Method 6200 on Field Portable X-Ray 
Fluorescence (EPA, 2007): 
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(1) A source that provides x-rays; 
(2) A sample presentation device; 
(3) A detector that concerts x-ray generated photons emitted from the sample into measureable 
electronic signals 
(4) A data processing unit that contains an emission or fluorescence energy analyzer, such as a 
multi-channel analyzer, that processes the signals into an x-ray energy spectrum from which 
elemental concentrations in the sample may be calculated, and a data display and storage 
system.  
 
The following historical timeline depicts the steps leading to the advent of a field portable XRF device: 
 
Figure 1.10–Piorek, XRF Timeline, 1997 
 
Section 1.3.2.1 will describe the capabilities of each detector type as well as mention their advantages 
and disadvantages.  At the end of this section a discussion of the different types of elemental analysis 
(energy dispersive vs. wavelength dispersive) will be mentioned.  
1.3.2.1 Radionuclide Based 
The first type of XRF device uses a radioisotope source to excite the electron and generate fluorescence 
by the methods described earlier. The energy of the primary radiation should be higher than, but close 
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to the binding energy of the K- and L-shell electrons of the excited atom. The most widespread 
radioisotope sources used in radioisotope based XRF include Fe-55, Co-57, Cd-109 and Am-241. These 
sources emit X-rays of discrete energy, therefore being capable of efficiently exciting a limited number 
of atoms.  As a result, to analyze a broad range of elements, a combination of radioisotope sources is 
necessary. Table 1.5 exhibits commonly used radioactive isotopes for XRF analysis and their properties:  
Table 1.5 - Source: Kalnicky, Field Portable X-Ray Fluorescence, Table 1, 2001 
Some disadvantages to the radioisotope based XRF devices are that a user might need to change sources 
in order to determine all of the elements of interest.  Another consideration for this type of detector is 
that the half-lives of sources typically used are short and may need to be replaced every few years to 
stay efficient (testing speed decays over time) and this will increase the overall cost of operation. 
Another disadvantage is that the radiation is always present which will require users to wear dosimetry 
equipment to monitor their dose and will also require hazardous material declarations and/or permits 
making transportation more difficult than tube based XRF. The United States Department of 
Transportation regulations must be followed when transporting the radioisotope device to job sites 
(whether by car, air, etc) and it may be difficult to bring the device along during a last minute decision, if 
needed, due to these issues. Due to these disadvantages a radioisotope based XRF will not be used 
during the experimental part of this thesis.  
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1.3.2.2 Tube Based 
The second type of XRF detector uses an X-ray tube instead of a radioisotope source. The most common 
materials in the tubes are rhodium, molybdenum, tungsten and copper (Al-Merey, 2005).  An x-ray tube 
operates by bombarding an anode with electrons which are accelerated by a high voltage source. When 
the electrons strike an anode in the XRF device, it will generate x-rays which are used to analyze the 
sample.  There are many benefits of using tube based XRF analyzers instead of radioisotopes, as 
explained in the EPA Test Method 6200: tube based XRF devices have a higher radiation output, no 
intrinsic lifetime limit, produce constant output over their lifetime and do not have the disposal 
problems of radioactive sources. Also, portable x-ray tubes offer fewer risks of accidents, no 
contamination and are very practical (Melquiades, 2004). Since the x-rays are produced from an energy 
source when the device is turned off there is no risk to users; unlike the radioisotope sources which can 
potentially always be a hazard. Also, there are safety devices built into tube based XRF which will limit 
the chance of exposure to the user such as dead man switches and sensors which will turn the device off 
if the device suspects that a count rate is too low (i.e. if the XRF is pointed across a room or over a large 
air space). It is due to the safety, reliability and ease of transportation that a tube based XRF will be used 
for the experimental portion of this thesis.  
1.3.2.3 Wavelength versus Energy Dispersive 
Both radioisotope and tube based XRF analyzers can be classified by either wavelength or energy 
dispersion for X-ray line detection and analysis. Wavelength dispersion, which has been used since the 
1950’s, involves the separation of X-ray lines on the basis of their wavelengths, which may be 
accomplished with crystals (crystal dispersion), diffraction (diffraction dispersion), or spacial (geometric) 
dispersion (Kalnicky, 2001). A typical spectrum of this type of analysis would look at wavelength verses 
the intensity of that wavelength. Figure 1.11 shows a diagram of a wavelength dispersive XRF system. 
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Figure 1.11 -PAN Analytical, Wavelength Dispersive XRF Diagram, 2010. 
(http://www.panalytical.com/index.cfm?pid=313) 
 
Energy dispersion XRF, introduced in the late 1960’s, uses the separation of the X-ray lines based on 
photon energies, and is accomplished by electronic dispersion with a pulse height analyzer. The 
elements and their concentration are identified by counting the pulses at the different energy levels, 
similar to gamma or alpha spectroscopy. Usually a multichannel analyzer is used for display and 
providing the data. XRF analyzers typically employ energy dispersion for separation of X-ray lines due to 
their ease of use, rapid analysis time, lower initial purchase price and lower long-term maintenance 
costs (Innov-X, 2007). A spectrum from this instrument would look at the energy transition and their 
respective intensities. The equipment used for the experimental portion of this thesis will be a tube-
based, energy dispersive, field portable XRF. Figure 1.2 shows a diagram of a energy dispersive XRF 
analyzer. 
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Figure 1.12 - PAN Analytical, Energy Dispersive XRF Diagram, 2010. 
(http://www.panalytical.com/index.cfm?pid=133) 
 
1.3.3 XRF Measurement Types: In-Situ vs. Ex-Situ  
In-situ measurements require that the instrumentation be located directly at the point of interest and in 
contact with the subject of interest. This method is useful when trying to delineate surface soil 
contamination where the user can move around an area to measure and bound the contamination. 
Another example of in-situ analysis would be during remedial investigations when geo-probing is 
performed. An XRF device can scan the soil core after it is removed from the ground to determine levels 
of contamination at depth below the ground.  
The alternative method of measurement is ex-situ analysis which involves collecting a representative 
sample and analyzing it at a later time. Ex-situ analysis is beneficial when trying to determine 
contamination levels without interfering with sample collection such as drilling. There are two 
commonly used types of ex-situ measurement using field portable XRF. The first method involves 
collecting a small plastic bag full of soil and scanning the sample through the bag. The second ex-situ 
method takes the collected sample and prepares it for a more quantitative analysis which includes 
drying, homogenizing, and removing any large rocks or debris. One benefit of ex-situ monitoring is that 
there is usually a decrease in the lower detection limit of the detector when the user can control the 
quality of the sample, rather than scanning direct soil. Also, since ex-situ analysis doesn’t need to be at 
the location of sampling the user is free to use longer count times and scan the same sample multiple 
times without interfering with other site activities.  
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For the experimental portion of this thesis both in-situ and ex-situ analysis will be tested with an 
emphasis on bagged sample analysis soon after sample collection (which can be thought of as a semi in-
situ analysis).  
1.3.3.1 XRF Capabilities 
In-situ XRF analysis can be a cost-effective near-real-time method to increase sampling densities due to 
the simplicity of the sample preparation (Bernick, 111-116, 1995). The main advantage of XRF is the 
ability of the user to scan samples quickly which allows the project to increase sample densities and 
gather useful concentration information quicker than possible with any other in-situ methodology. For 
nearly two decades the usefulness of XRF has been investigated for the application of real-time decision 
making to guide critical remediation projects (Bernick, 101-110). Another main driving force of field 
analytical results is the demand for inexpensive alternatives to laboratory analysis (Hou, 2000).  Not only 
can information be received and interpreted quickly but the cost of operation is reduced to the cost of 
labor hours to run the device and laboratory analysis costs can be decreased. For many chemical 
constituents XRF analyses compared to off-site analysis, but only a portion of samples would need to be 
confirmed with off-site analysis once a relationship is determined(Bernick, 101-110).  
Compared to laboratory methods to test for isotopic thorium, XRF has the benefit of being non-
destructive. The typically method to determine concentrations of isotopic thorium is through laboratory 
alpha spectroscopy where a soil sample is dried, homogenized and a chemical extraction is performed to 
remove the thorium for analysis. During alpha spectroscopy the sample cannot be recovered to be 
reanalyzed so the results are not necessarily reproducible. With an XRF analyzer a user can scan soil in-
situ, directly on the soil, in a sample baggie or even dried after processed all of which leave the sample 
intact (ex-situ).  
1.3.4 Factors Affecting XRF Results 
The literature review on this topic has found many factors which will affect XRF responses during 
investigations, including: detector resolution, sample matrix affects, accuracy against calibration 
standards, sample morphology, geometry, moisture, and even sample count times.  
1.3.4.1 Detector Resolution 
It is known that XRF does not have the precision and cannot meet lower detection limits that an off-site 
laboratory can achieve but the method can still be very valuable for screening applications in the field 
(Hou 2000). Si(Li) detectors have a high efficiency in the uranium L x-ray region and have been used for 
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nearly two decades to detect uranium in samples (Arikan and Ozmen, 1987). A combination of all of the 
factors listed below can have an effect on the resolution of the detector and the results of total uranium 
and total thorium which are to be measured with a XRF device.    
1.3.4.2 Sample Matrix Affects 
Chemical interferences occur when the x-rays characteristic of an element are absorbed or emitted by 
another element within the sample, causing low or high bias. This phenomenon has been widely 
reported for certain elements such as chromium or copper when the sample has high concentrations of 
iron, greater than 50,000 ppm (EPA, 2006, ITVR).  This problem has also been identified by Arikan and 
Ozmen, 1987, where concentrations of uranium were affected by the matrix and particulate nature of 
the sample and absorbent films were needed to reduce peak overlaps.  As displayed earlier, in figure 1.8 
and figure 1.9, the energy peaks of elements can be very close to one another and the detector 
resolution will need to be low enough to distinguish between separate peaks. These matrix affects are 
also present with gamma spectroscopy where software is needed to statistically determine what 
isotopes are present based on the spectrum and are compared to a reference library.  
1.3.4.3 Accuracy and Suitability of Calibration Standards 
Standards should exhibit the same characteristics as the sample to be analyzed to produce a reliable 
calibration model (Kalnicky 2001). In order to determine if XRF is able to determine concentrations over 
a wide range of magnitude, studies have used samples which are spiked with known concentrations. The 
idea behind this is to see if there a change in detector efficiency with different element concentrations.  
This literature review found examples of studies which used calibration standards with known 
concentrations made with different matrix types (i.e. soil, silt, clay etc) which would be expected to be 
at the site under investigation. The accuracy of the standards ultimately defines the best accuracy that 
can be expected from the XRF device and the target elements that can be expected. During the 
experimental portion of this thesis it will be important to try and scan a known concentration sample or 
a blank sample throughout the analysis to determine the accuracy of the detector.  
1.3.4.4 Sample Morphology (particle size, homogeneity, etc) 
X-ray fluorescence is a surface measurement technique which only gives you information of 
concentrations over a very small area. The typical penetration depth of x-rays into the sample can vary 
from several cm to less than 0.1mm (Hou, 2000).  In order to ensure that the results are representative 
of the entire sample it must be fully homogenized.   
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The standard sampling procedure often relies on drawing conclusions from a limited number of samples 
from discrete locations to infer the extent of contamination over a large area. Variability associated with 
contaminant concentrations can exist within samples and have the ability of drawing incorrect 
conclusions on the extent of contamination over a larger area, since XRF uses only around 5 grams of 
soil (DOE, 2008).  Ideally a sample would be collected and homogenized to such an extent that the 
contamination in the soil was uniform throughout and that an XRF analysis on any given portion of the 
sample would generate the exact same result. This will not be the case if using a XRF in-situ on soil since 
contamination is not uniformly distributed through soil, in most cases, and one would expect to find 
locations with higher concentrations and some locations with no contamination. In order to examine the 
affect of sample preparation ex-situ bagged samples will be scanned with an XRF (after a brief 
homogenization in the field) and a subset of those samples will be further homogenized and dried to 
determine the affects of sample preparation on analytical results (Chapter 3). It is expected to see 
higher variability in scans over bagged samples when compared to dried and homogenized samples.  
1.3.4.5 Sample Measurement Geometry  
The accuracy of results can be affected by distance between XRF excitation source and the sample. In an 
experiment carried out by the University of Coimbra it was found that detection efficiency varies by as 
much as 35% when the sample distance increases from 2 to 10 millimeters from the excitation source 
(Mia and Dos Santos, 1997). During laboratory or ex-situ analysis sample geometry can be easily 
adjusted but during field work, on unprepared samples, sample geometry can be difficult to keep 
consistent. Special attention will be needed to ensure that both the sample matrix geometry and the 
distance the sample is from the XRF are consistent during the experimental portion of this thesis to 
ensure comparability between sample results.  
One such method of ensuring comparable sample scanning is to flatten the surface of the soil or 
material, if possible, prior to analysis. Flattening the surface is critical since differences in the distance 
between the source/detector and the sample presentation plane significantly affect results (Bernick, 
101-110, 1995). For this thesis, in-situ soil samples will be collected and placed in plastic baggies which 
can be manually flattened in order to have a smooth/even surface positioned over the XRF window to 
try and minimize sample geometry and source to sample distance affects on accuracy. For ex-situ 
samples, that are dried and homogenized, XRF sample cups will used to analyze soil. Both in-situ and ex-
situ samples can be analyzed using a XRF analyzer stand to maintain equal distance between the sample 
and the detector window.  
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1.3.4.6 Moisture Content 
Studies have shown that moisture content above 10% will affect x-ray transmission through the sample 
and affect the results (EPA, 2006, ITVR).  The water content of soil affects quantification and for most 
radiological analysis measurements are typically reported on a dry basis after correcting for soil 
moisture (i.e. gamma spectroscopy). When a sample contains a large amount of moisture there is a 
tendency for the water to absorb the energy emitted which will affect the line energy and composition 
of a sample.  The actual extent of how moisture will affect a sample has been reported with a variety of 
intervals. One study mentions that soil with moistures above 30% by weight is problematic for XRF 
analysis (ITRC, February 2006). Another report described acceptable moisture content below 20% is 
desired but also that there have been successful results using XRF on metals that had a moisture content 
that was significantly higher than 20% (Bernick, 101-110, 1995). As described by Kalnicky, 2001, the 
overall error may be minor when the moisture content is small (5-20%) but it may be a major source of 
error when the soil is saturated with water (EPA Method 6200). For the experimental portion of this 
thesis samples that are scanned from field collection will have their moisture content measured and the 
results will be compared to a subset of samples which will be dried to see how the moisture content of a 
sample changes the XRF results.  
1.3.4.7 Count Time 
Analysis of XRF spectrums involves the same type of spectroscopy as other radionuclide measurements 
(e.g. gamma and alpha spectroscopy), the same principals of counting errors and counting statistics as a 
function of count time applies.  One notable finding is that XRF detection limits are directly dependant 
on the analysis time (Kalnicky, 2001). Longer analysis times provide lower detection limits, so it should 
be determined before an investigation starts what detection limit is required for the analysis. For 
example, if low concentrations of a contaminant of concern will influence the cleanup of a site (i.e. 
10ppm) then it will be important to ensure a long enough count time is used to meet the detection limit 
goals. On the other hand, if the detection limit of the XRF is lower than the clean-up goals with a 
relatively short count time, i.e. 45 seconds, then there is no need to spend extra time counting.  For this 
thesis an investigation will be used to determine how count time will affect the XRF result on samples 
with known concentrations (Chapter 2). This will allow the user to determine how long the sample 
needs to be analyzed to meet project specific detection limits.  
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1.3.4.8 Summary 
Taking into account the issues discovered in past investigations of chemically/radiologically 
contaminated sites and XRF bench studies the author has developed a set of procedures and instrument 
demonstration tests, included in the appendices of this thesis, to determine the feasibility of using XRF 
at radiological contaminated sites. Special consideration was used to apply sampling and analysis plans 
already established, including EPA SW-846 Method 6200 titled “Field Portable X-Ray Fluorescence 
Spectrometry for the Determination of Elemental Concentrations in Soil and Sediment”, and procedures 
used in other studies.  
1.3.5 XRF Chemical Studies 
Field-portable X-ray fluorescence (XRF) spectrometers have been successfully used for on-site rapid 
characterization of hazardous metallic waste sites (Bernick, 91-99, 1995). The following section will 
highlight a few reports published by the U.S. Environmental Protection Agency and the U.S. Department 
of Energy which investigated the applicability of XRF for environmental investigations. The works cited 
section of this thesis provides an extensive list of papers which used XRF in unique chemical studies as 
well.  
1.3.5.1 United States Environmental Protection Agency (EPA) 
EPA: SW-846 Test Method 6200 
XRF analyzers have proven to be a viable, effective approach to meet the on-site metals analysis needed 
for many US EPA Emergency Response Team hazardous waste site evaluation and removal programs 
(Bernick, 101-110, 1995). In 1998 the EPA published a test method entitled “Field Portable X-Ray 
Fluorescence Spectrometry for the Determination of Elemental Concentrations in Soil and Sediment” as 
guidance on how to develop a standard operating procedure for XRF. Test Method 6200 was tested to 
verify laboratory results of the following RCRA elements: 
Antimony, arsenic, barium, cadmium, chromium, cobalt, copper, lead, mercury, nickel, selenium, silver, 
thallium, tin, vanadium 
And the following non-RCRA analytes:  
Calcium, iron, manganese, molybdenum, potassium, rubidium, strontium, thorium, titanium and 
zirconium. 
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The following are advantages of field screening with XRF as mentioned in EPA – XRF Training Notes 
based on Test Method 6200: 
1. Focus sampling for laboratory analysis 
2. Assure site meets clearance levels before contractors leave the site 
3. Minimize volume of hazardous waste for treatment or disposal 
The recommendations from this study are mentioned in most of the papers found in the literature 
review and the information will be used to develop a standard operating procedure for the experimental 
portion of this thesis.  
Innovative Technology Verification Report – XRF Technology for Measuring Trace Elements in Soil and 
Sediment 
The EPA published a series of documents in 2006 which compared eight different field-portable XRF 
instruments to determine each instrument’s accuracy, precision, sample throughput, and tendency for 
matrix effects.  The publication of interest to this study included an investigation of the Innov-X XT500 
Series XRF analyzer which is similar to the tube based model used to analyze samples in this thesis 
research. The demonstration looked at 13 target elements and incorporated the analysis of 326 
prepared samples with known concentrations and compared the results to inductively couples plasma-
atomic emission spectroscopy (ICPMS) in accordance with applicable EPA test methods. The target 
elements were: antimony, arsenic, cadmium, chromium, copper, iron, lead, mercury, nickel, selenium, 
silver, vanadium and zinc. The results of this study found the Innov-X XRF device was better than 
average (compared to the other XRF devices tested) at detecting most contaminants of interest on 
spiked samples and it also compared quite well with off-site analysis methods.  
1.3.5.2 United States Department of Energy (DOE) 
In 1996 the DOE’s Office of Science and Technology assessed the advantages and problems associated 
with XRF for use on DOE cleanup sites in terms of system performance, cost and cleanup effectiveness. 
The report used a radionuclide based XRF to analyze twenty five different elements simultaneously at 
their Chicago Pile-5 (CP-5) reactor facility remediation to test applicability of XRF on HEPA filters. The 
CP5 reactor was a research reactor built by Argonne National Laboratory in the 1950s near Chicago, 
Illinois. Measurements were made on walls, floors and air ducts by either direct measurement or by 
scanning smears collected from surfaces. The conclusion of the study determined that although XRF 
could not completely replace off-site analysis in all situations it can be used with great advantage to help 
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guide a judicious and prudent use of intrusive samples to optimize the effectiveness of the 
characterization process. The following are a subset of XRF advantages and limitations noted in the DOE 
report: 
Advantages: 
• Applicable to a wide range of materials including solids, liquids, thin films and powders. 
• Capable of simultaneous determination of multiple elements ranging in atomic number from 
sulfur to uranium 
• Easily carried by a single operator from one location to another in the field 
• Rapid analysis and immediately available results encourage high sample density at lower costs 
Limitations: 
• Chemical matrix effects and overlapping x-ray emission lines can cause interferences that affect 
reliability 
• Sample must be presented  flat and have a smooth surface such that window of the XRF 
analyzer can be in direct contact with the sample.  
 
1.3.6 XRF Radiological Studies 
1.3.6.1 TRIAD Case Study: Rattlesnake Creek (2004) 
The USACE, Buffalo District, performed a study using XRF analysis during the remediation of one of its 
FUSRAP projects, in 2004, as a method to address key site-specific issues that included sparse historical 
characterization data, subsurface contamination, difficult-to measure contaminants of concern and 
accelerated schedules. The contaminants of concern at Rattlesnake Creek were uranium-238, radium-
226, thorium-230 and their respective radioactive decay products. A site specific clean-up guide was set 
at 40 picocuries/gram (pCi/g) for Th-230 (USACE, 1998). As discussed in sections 1.2.4.1, thorium-230 is 
an alpha emitting particle which is not identifiable in the field with currently available real-time 
measurement technologies. Quantitative estimates of Th-230 at DCGL levels require alpha spectroscopy. 
In order to address this issue USACE looked for a surrogate for thorium-230 that could be addressed 
using real-time techniques. The selected surrogate was total uranium found using an XRF device. A study 
was carried out which determined that for existing soil samples, every time a sample had a total 
uranium value greater than 300ppm the sample also would exceed the DCGL for Th-230. Using this 
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information USACE scanned archived samples from previous sampling events at the property to confirm 
their surrogate value, which was true more than 80 percent of the time (Johnson, 2004). The study also 
investigated, and found, a relationship between XRF total uranium results with that of off-site alpha 
spectroscopy. The outcome of this characterization was that approximately 20,000m3 of the Rattlesnake 
Creek bed was identified from the spatially dense XRF results and proved to significantly reduce overall 
analytical costs by minimizing the number of samples requiring alpha spectroscopy analysis.  
 
 
Figure 1.13 - Source: US Army Corps of Engineers, Buffalo District – Triad Case Study: Rattlesnake Creek; 
Exhibit 2 (2004).  
Figure 1.13 shows the relationship of total uranium results between prepared sample cups scanned by 
XRF compared to laboratory alpha spectroscopy at the Rattlesnake Creek remediation. Over 2,000 
analyses were performed by XRF during this remediation, all of which were prepared by homogenizing 
and air drying prior to being placed in a small collection cup. For the alpha spectroscopy analysis a 
subset of the sample was subject to further preparation and extraction to analyze the sample. The 
reported lower detection limit for total uranium was 20ppm for this project and an investigative level of 
40ppm was selected based on comparison between onsite-offsite laboratory results which exceeded the 
sites DCGL’s.   
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1.3.6.2 Harshaw Chemical Company – XRF Evaluation (2006) 
The Harshaw Chemical Company is another FUSRAP project of the USACE, Buffalo District. During the 
remedial investigation phase of the project, in 2006, a study was done to determine the feasibility of 
using an XRF analyzer for the field screening and qualification of total uranium and molybdenum 
concentrations in soil samples. A total of 95 composite soil samples were collected during the 
investigation which were scanned ex-situ in baggies and in sample cups. No samples were collected in-
situ during the investigation. This study used reference standards with known concentrations of total 
uranium (50ppm, 100ppm, 150ppm and 200ppm) in different soil matrix standards including clay, sand 
and silt which are comparable to the type of material expected to be found on site during sampling. The 
importance of these standards was evident when doing daily quality control checks of the equipment to 
determine if the concentrations could be measured consistently throughout each day and overall during 
the sampling event. 
To determine the lower detection limit of the XRF analyzer, a subset of samples were sent off-site for 
analysis of U-238 concentrations by alpha spectroscopy and gamma spectroscopy. For samples which 
had a detection of total uranium with the XRF a split sample was sent offsite for both alpha and gamma 
spectroscopy. The sampling had 28 samples which were sent offsite for alpha/gamma spectroscopy and 
a regression analysis showed a linear relationship between XRF data and both laboratory methods. The 
lower detection limit for the XRF used at this project was determined to be 16.2 parts per million. Figure 
1.14 shows a relationship between XRF analysis and both gamma and alpha spectroscopy for total 
uranium.   
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Figure 1.14 - Source: US Army Corps of Engineers – Buffalo District, Harshaw XRF Evaluation (2008). 
One important aspect investigated, during this field work, was small-scale variability and bagged sample 
intrinsic variability that was found when XRF measurements were taken at different locations of a 
sample. The study found that there does not appear to be much effect of sample cup replacement in-
between measurements on the XRF analysis which can be attributed to the heterogeneity of the sample 
leaving uniform concentrations of total uranium in the sample cup. For the case of bagged sample 
variability the study found collecting XRF measurements on both sides of the bag was necessary to fully 
quantify the amount of bagged sample intrinsic variability. The Buffalo District, USACE, determined that 
collection of 4 XRF measurements on both sides of the sample bag was sufficient to quantify the average 
concentration and the bagged sample heterogeneity.  
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A final observation mentioned the Harshaw XRF evaluation was that the performance of the XRF’s 
power supply may affect the XRF result. The theory behind this is that the amount of energy supplied to 
the x-ray tube to excite and quantify element electrons is dependent on the XRF analyzers battery 
strength. This investigation noticed the depletion of the XRF battery between samples should be 
avoided by constantly charging the analyzer over lunch-time breaks and keeping extra batteries. The 
study concluded that XRF measurements of site soils provided accurate and reliable quantitative results 
for molybdenum and total uranium and would be suitable for meeting a number of potential future site 
remediation needs. 
1.3.6.3 Paducah Gaseous Diffusion Plant – Real Time Technology Application Demonstration (2008) 
The DOE carried out a demonstration to test methods to complete the expeditious and economically 
viable environmental restoration of the Paducah Gaseous Diffusion Plant in Western Kentucky. This 
property is an active uranium enrichment facility which provides fuel rods to electricity-generating 
reactors in the utility industry (EPA, 2009). The site has recognized contaminants of concern to be total 
uranium and uranium-238 which apply to the scope of this thesis. To investigate real-time technologies 
available to use at this site the DOE established the following data quality objectives to demonstrate the 
applicability of real-time measurement systems to: 
• Support excavation when soils exceed project target levels. 
• Verify compliance with waste acceptance criteria 
• Evaluate the contaminants of concern at project target levels in surface soils.  
• Verify that cleanup goals have been achieved for surface soil exposure units.   
The project at Paducah used a Nitron XRF and Innov-X XRF system to analyze several hundred XRF 
samples and to test comparability of both systems. The study collected a substantial amount of pre-field 
work samples to encompass a range of expected contamination levels on the site.  During field work in-
situ XRF measurements were obtained on the corners and center of gamma walk over survey areas to 
compare near-surface uranium estimates to qualitative GWS data. 
Similar to the work at Harshaw Chemical Company investigation, this project collected bagged samples 
of soil. Five soil samples collected at each location were combined to form one single composite sample, 
making a total of 8 bagged samples. Ten XRF measurements were obtained (five on each side), and an 
average and standard deviation calculated for the reported total U concentrations through the sample 
bag walls to demonstrate the efficiency of bagged ex-situ sample measurements as a substitute for 
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sample preparation when using an XRF. The bagged sample measurements were also used to evaluate 
the degree of heterogeneity in the sample prior to a more thorough preparation. The bagged soil 
samples were sub-sampled to create an XRF-cup and sent to an off-site analytical laboratory for gamma 
spectroscopy and alpha spectroscopy to provide a point of comparison for the XRF.  
The performance-related activities relevant to this thesis that were conducted at Paducah include: 
• Repeated measurements of several selected samples to verify the instrument’s estimates of 
analytical precision and to establish control charts for quality control use. 
• Multiple measurements of bagged samples to evaluate the performance of XRF when directly 
measuring bagged samples without sample preparation. 
• Off-site laboratory analysis of XRF analyzed samples to verify XRF data comparability for 
uranium and other potential metals of concern 
• Benchmarking in situ XRF, bagged sample XRF and prepared sample XRF measurement 
production rates.  
The average in-situ total uranium concentration found at Paducah, for surface measurements, was 
65ppm and is the equivalent to approximately 22 pCi/g U-238 (DOE, 2008). The average XRF total 
uranium value for the bagged sample (10 measurements through the bagged sample’s walls) was 
3.6 ppm.  
The data analysis of this study was presented in a report entitled “Real Time Demonstration Project 
XRF Performance Evaluation Report for Paducah Gaseous Diffusion Plant AOC 492”, prepared by 
Argonne National Laboratory dated April, 2008.  
The important conclusions pertinent to the field work were as follows: 
• The study found no significant systematic difference in performance as measured by 
detection limits between instruments manufactured by the two companies (Nitron/Innov-X) 
• The instruments for both companies yielded detection limits for uranium that were close to 
background conditions.  
• The heterogeneity present within a sample is a direct function of the average concentration 
of the sample. As the concentration increases, the variability within the bagged sample 
increases. The variability can be significant; this study found one sample to range from 
227ppm to 864ppm.  
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• A lower detection limit, for total uranium, observed during field work was approximately 
7ppm for a 120 second acquisition time and 12ppm for a 30 second acquisition time.  
• The XRF is providing uranium data that appears to be as good as its laboratory alpha 
spectroscopy counterpart.  
The plots provided below, Figure 1.15, show the analysis of XRF uranium and Laboratory total uranium 
for bagged samples, XRF sample cups and off-site alpha spectroscopy. Finally this investigation 
suggested that “the average bagged XRF total U analytical results are providing better estimates of the 
average concentration present within the bags than the XRF cup or alpha spectroscopy data, presumably 
because the sample preparation process used did not fully eliminate the large degree within-sample 
heterogeneity observed for these bags.”  
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Figure 1.15 - Source: DOE Paducah Gaseous Diffusion Plant – Real Time Technology Application 
Demonstration; Figures 24 & 25 (2008) 
47 
 
1.3.7 XRF Summary  
Using XRF at environmental radiological cleanup sites is a potential method to quantify elemental 
thorium and uranium. Although there has been extensive research and demonstration of the use of XRF 
at contaminated sites they have only been interested in RCRA and other chemicals usually excluding 
thorium or uranium. The research will start from this point, taking into account the information found in 
the literature review and adjusting sampling procedures to try and increase the comparability of in-situ 
XRF and off site laboratory analysis.  
1.4 Methodology  
1.4.1 Problem Restatement 
Common technology used for in-situ analysis (sampling in place) are not capable of giving 
concentrations of contamination which is needed to determine if a location meets site cleanup goals. 
Without experimentation there is an uncertainty of whether or not XRF analysis of in-situ samples will 
compare to off-site analysis. Research has shown that XRF can be a very fast, powerful, cost effective 
technology for site characterization (EPA 6200) for chemical analytes and this research intends to 
determine if these strengths will carry over during radiological investigations which involve thorium and 
uranium. 
 
1.4.2 Research Method 
To test this application of XRF a variety of samples will need to be analyzed which represent different 
soil matrices, contamination concentrations, homogeneity and moisture to interpret their affect on 
sample results.  The most important portion of this experiment will be the analysis of soil samples 
collected from the Town of Tonawanda Landfill FUSRAP project. This project was in the remedial 
investigation stage in the summer of 2010 where a couple hundred geoprobe samples were collected 
down to an average depth of 35 feet. Two investigative areas on this project were expected to have a 
high probability of finding contamination based off of historical analysis. From these two areas 
approximately 70 geoprobe locations were used to scan the contamination at depth. Each one of the 
soil cores were removed from the ground and scanned with a sodium iodide and a pancake Geiger 
Muller counter to measure both alpha, beta and gamma radiation. At each location a bagged sample 
from the highest reading (from both detectors) was collected to be analyzed for the XRF, a total of 98 
bagged samples will be analyzed with an XRF for total uranium and total thorium and later compared to 
off-site laboratory results (gamma spectroscopy and alpha spectroscopy). The bagged samples were 
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scanned with an XRF for three 45 second counts, moving the bags position each time, to determine 
concentrations of a non-dried sample which will be the most likely scenario for use in-situ (similar to the 
sampling procedure at Harshaw and Paducah). A second analysis will look at a subset of these samples 
which will be homogenized and dried and scanned for three 180 second count times (four times longer 
than in-situ measurements) to determine how the moisture content and homogeneity affected the 
bagged sample results.  
 
A second set of data will be looked at from archived samples from the Linde Air Product FUSRAP project 
which has samples which were collected during the properties remedial investigation and remediation. 
These samples have been homogenized and dried and will be useful to test the XRF over a wide range of 
concentrations. The samples will be chosen based off of their isotopic thorium and isotopic uranium 
concentration and the ratio between those isotopes. For example, the research will look at how samples 
containing different ratios of thorium or uranium will affect the XRF output (i.e. U-238/U-235). Some of 
the factors discovered during the literature that limit XRF results will also be investigated; including 
sample count time, matrix affects, sample geometry, moisture content, battery, etc.   
1.4.2.1 Lessons Learned - Improving from Past Projects 
In order to increase the chance of producing usable data this research will consider the limitations found 
in past radiological investigations using XRF. The methodologies adopted from those projects are listed 
in the following sections. 
1.4.2.2 Rattlesnake Creek 
To build off of this study the author is looking at the detection limits of a XRF at multiple sites using a 
wide range of contamination levels as reference. The Rattlesnake Creek investigation did not find total 
uranium concentrations exceeding 300ppm and in order to determine if this technology can be used at 
other FUSRAP projects there is a need to see how well the detector will work at much higher 
concentrations. Also, the XRF device used in this thesis has been calibrated using a NIST total thorium 
and total uranium standard to try and determine if this is a better method to identify isotopes of each 
element without using surrogates. Finally, the Rattlesnake Creek investigation used an on-site laboratory 
XRF device which processed more than 800 samples (homogenization, drying, etc). This thesis will 
determine if a XRF will be capable of identifying concentrations at or below site cleanup goals directly on 
soil without the need for further preparation.  
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1.4.2.3 Harshaw Chemical Company 
The procedures and conclusions found during Harshaw investigation will be applied to the sample 
procedures for this thesis. At Harshaw bagged samples were scanned on both sides to find the average 
concentration and the sample heterogeneity. This thesis will build off of the information and sample 
procedures from the Harshaw investigation. Similar to Rattlesnake Creek, concentrations above 400ppm 
total uranium were never found at Harshaw and their analysis did not look at total thorium with the 
XRF. Concentrations exceeding 3000ppm total uranium on an XRF were found at the Town of 
Tonawanda Landfill FUSRAP project which will be used to determine how the XRF will truly respond at 
concentrations over a number of magnitudes and thorium has been added to the XRF analyzers library 
to attempt to identify the element directly.  
1.4.2.4 Paducah Gaseous Diffusion Plant 
The Paducah XRF study was the most in-depth and substantial investigation the author could find on the 
subject of using XRF for field scanning of total uranium.  The sample preparation and analytical 
comparisons used in their paper will be attempted during the experimental portion of this thesis. 
Comparison between laboratory analysis to both XRF cups and bagged samples will be investigated 
along with determining the lower detection limit of the XRF over different acquisition times. One 
important conclusion found in the Paducah investigation is that the Innov-X analyzer could identify total 
uranium concentrations at background levels. The XRF used in this thesis will be from the same 
manufacture and may produce comparable results to complement the DOE study.  Finally, out of the 
hundreds of samples collected at Paducah the total uranium readings did not exceed 700 ppm which is 
important. One of the conclusions out of that study was that as the concentration of contamination in a 
sample increased the variability of the XRF analysis over that samples will also increase. For this thesis 
samples will be analyzed from archived samples with known concentrations (some very high) in order to 
see how well the XRF will respond to them if a scenario exists where real-time concentrations are 
needed in the field (where total uranium could be in the thousands of ppm range).  
1.4.3 Research Limitations 
The main limitation of this research is the availability of samples and off-site analysis capability. There is 
no funding available to send samples analyzed by XRF to an offsite laboratory for analysis. This practice 
was found to be very valuable at both the Harshaw FUSRAP site and Paducah Gaseous Diffusion Plant. 
The implication of this is that samples from the Town of Tonawanda Landfill project were homogenized 
in the field over a 1 foot section of soil and an aliquot was placed in a baggie, the rest of that one foot 
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interval was sent for off-site analysis. The potential problem, as mentioned previously, is that the 
contamination in the bagged samples might not be representative of the larger sample due to the non-
heterogeneity of the process.  Ideally the soil actually scanned by the XRF would be sent to a laboratory 
for gamma and alpha spectroscopy analysis but that is not an option due to cost. An assumption will 
have to be made that the homogenization in the field is thorough and that bagged samples and XRF cups 
are a good representation of the samples sent to an offsite laboratory. This will be addressed in 
Chapters 3 and 4.  
Another limitation is the availability of contaminated soil samples; luckily there are archived samples 
available from different FUSRAP projects that have had laboratory analysis completed. The exact 
number and quality of the samples is unknown and will have to be further investigated during the 
experimental phase.  
1.4.4 Anticipated Results 
It is expected that this research will find a correlation between off-site analysis and XRF on ex-situ 
samples. It is also expected that this research will provide enough information to determine that 
scanning of bagged soil samples soon after collection (near-real time) gives a detection limit below the 
clean-up criteria for total uranium, where further sample preparation will not be needed. The literature 
review for this thesis did not find any study on the application of XRF to detect thorium in the 
environment and there is a chance that XRF will be able to detect total thorium at concentrations near 
clean-up criteria.   
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2.1 Introduction 
This chapter will give an overview of the equipment used during the experimental portion of this thesis 
and describe the performance of the XRF analyzer on uranium and thorium standards. First, the XRF 
analyzer and software will be explained. Next, all of the equipment used after a sample is collected will 
be described and the steps to prepare and analyze a sample will be explained.   
A detailed procedure on how to operate the XRF is presented in section 2.3 which shows calibration 
standards, and their spectrums, as well as the menus that are used when operating the XRF. Section 2.4  
is an overview of how to convert mass concentrations (ppm) of thorium and uranium from into activity 
concentrations (pCi/g), which leads into the experimental portion of this chapter (Section 2.5) which 
describes site specific thorium and uranium standards used during past FUSRAP investigations and how 
counting times affect the results (precision/accuracy) at different concentrations. An experimental look 
at XRF performance using a depleted battery and spectral interference is also presented in this section. 
The conclusion of the count-time investigation and XRF precision is presented in Section 2.6.  
2.2 Equipment 
This section describes equipment that was used during the experimental portion of thesis, including the 
XRF analyzer, drying oven, sampling stand, air purification, soil moisture meter, etc.  
2.2.1. XRF 
The XRF analyzer used during this investigation was the Model α-4000 portable XRF, manufactured by 
Innov-X Systems, Inc. This analyzer is a portable X-ray tube based system and meets the testing 
requirements described in EPA Method 6200, as described in Section 1.3.5.1, (EPA, 2007).  Instrument 
specifications provided by the manufacturer are presented in Table 2.1. 
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Table 2.1 - Innov-X Model α-4000 portable XRF Specifications 
 
The α-4000 is a durable and lightweight detector which provides on-the-spot, non-destructive elemental 
analysis.  When using the factory Li-ion batteries the user can operate the detector for 8 hours.  With 
the use of multiple batteries this instrument is ideal when working in remote locations, without 
electricity. The X-ray nose is about the size of a dime and has a thin sheet of mylar covering the opening 
(approximately 6µm thick).  This analyzer contains SiPin diode detector technology with an excitation 
energy of 10-40kV with a tube current of 10-50 µA.   
 
Picture 2.1 – Innov-X Model α-4000 Portable XRF with Factory Calibration Sources 
3 
 
 
Picture 2.2 - XRF Window with Thin (6µm) Mylar Window 
 
Picture 2.3 - XRF Model and Serial Number – Personal Data Assistant Removed 
2.2.2. iPAQ 
The Innov-X Model α-4000 XRF utilizes a removable, Hewlett Packard iPAQ handheld, personal digital 
assistant (PDA) computer to both operate the XRF and to manage data collected. Sample information is 
collected and stored on the PDA which can be removed from the XRF and placed onto a computer 
docking station to easily transfer spectrums and results (Picture 2.4). The iPAQ contains software made 
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by Innov-X which completely controls the XRF analyzer. The software also utilizes an internal library for 
peak identification that includes 20 elements in the default package and the user can input other 
elements if required. For this application uranium and thorium needed to be added to the XRF library 
using the energy peaks from Section 1.3.1.3 of the literature review, “X-Ray Spectra of Thorium and 
Uranium”. 
 
Picture 2.4 – Hewlett Packard iPAQ on Computer Docking Station 
2.2.3 Stand 
A bench top XRF docking station/test stand was utilized for some samples during the experimental 
portion of this thesis. The manufacturer recommends using the testing stand when there is a need to 
scan small samples (i.e. bags or cups) as to prevent a user from holding a sample while analyzing (Innov-
X, 2007). Picture 2.5 shows the bench top stand without the XRF analyzer present. The stand has a steel 
lid which can be closed during analysis of a sample (Lid shown closed in Picture 2.6). The stand holds the 
analyzer such that the XRF window is nearly flush with the bench top stand’s surface. Picture 2.7 and 2.8 
show how the XRF is mounted inside of the stand.   
5 
 
 
Picture 2.5 - Innov-X Systems XRF Stand, Lid Open 
 
Picture 2.6 - Innov-X Systems XRF Stand, Lid Closed 
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Picture 2.7 - Innov-X Systems XRF Stand with XRF in Docked Position (No Sample Lid) 
 
Picture 2.8 - Innov-X Systems XRF Stand with XRF in Docked Position (With Sample Lid) 
7 
 
Picture 2.9 shows the XRF window positioned slightly below the bench top stand’s surface. By using the 
XRF in this configuration the user can ensure the distance between a sample and the analyzer window 
remains constant between runs or different samples. The US EPA Method 6200 (EPA, 2007) recognizes 
inconsistent position of samples in front of an XRF probe to be a potential source of error, due to the x-
ray signal decreasing as the distance to the sample increases. Almost all samples analyzed in this thesis 
were flattened and smoothed out prior to placement in direct contact with the XRF analyzer (through 
Mylar or thin plastic bags), based off of lessons learned from the Rattlesnake Creek (Johnson, 2004), 
Harshaw (Walston, 2006) and Paducah (Johnson, 2008) XRF reports.  
 
Picture 2.9 - XRF Window in Position on Sample Stand 
2.2.4 Standardization  
Before collecting sample information the XRF analyzer’s operating conditions need to be checked using a 
manufacturer provided standardization clip. A standardization clip needs to be analyzed each time the 
instrument is powered up from the off mode or after multiple scans to check consistency of the internal 
settings. The standardization clip will determine the x-ray tube and detector performance and was 
scanned after every 10-20 samples during this research to ensure the working order of the XRF analyzer. 
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Since two operational modes for the XRF are used to analyze samples (hand-held and using bench top 
stand), there are two standardization clips utilized. The first standardization source is mounted in a clip 
which can attach onto the front of the XRF when used as a handheld device (Picture 2.10 and 2.11).  The 
second standardization source is an alloy disk which can be placed over the XRF window when docked 
inside of the sampling stand (Picture 2.12 and 2.13). The standardization clips are made of “Alloy 316” 
which contains known concentrations of iron (Fe) and molybdenum (Mo). Once the standardization 
spectrum is collected the Innov-X software checks for peak position, intensity and resolution. Section 2.3 
shows the standardization screen and spectrum from the iPAQ.   
 
Picture 2.10 - Factory Standardization Clip Source 
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Picture 2.11 - Standardization Source Attached to XRF 
 
 
Picture 2.12 - Factory Standardization Disk Source 
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Picture 2.13 - Standardization Source Used on Sample Stand 
2.2.5 Sample Preparation Equipment  
This section will describe sampling equipment used during sample preparation and acquisition during 
the experimental portion of this thesis.  
Air Purifier  
During ex-situ sample preparation (homogenizing and drying) there is a potential for airborne 
contamination, due to the grinding and transfer of fine particles. To ensure a clean breathing zone for 
users preparing samples, an Air Impurities Removal System –“The Extract-All™ Model 981” compact air 
cleaning system was utilized (Picture 2.14).  This unit provides a safe, healthy workplace by capturing air 
contaminants directly at the source and safely removing them before clean air is released into the room. 
The air purifier was used during sample transfers, sample preparation, and during sample heating for 
samples in Chapter 2 and Chapter 3.  
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Picture 2.14 – Air Purifier Used During Sample Handling and Preparation 
During sample preparation of samples analyzed in Chapter 4, a downdraft sample hood was used to pull 
down particulates when opening archived sample containers. This system was used at an onsite 
laboratory where archived samples were stored. The samples in Chapter 4 contained concentrations of 
U-238 ranging from zero up to 11,000 pCi/g and extra precaution was needed when preparing XRF 
sample cups.  
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Soil Moisture Meter 
If measuring a sample in-situ the moisture content of the soil was measured using a precision digital soil 
moisture meter. The meter used during this research was the General Tools and Instruments Model 
DSMM500 Soil Moisture Meter (Picture 2.15). This meter is battery operated and has a measurement 
range from 0% - 50% moisture content in soil with a 0.1% resolution.  
 
 
Picture 2.15 – Soil Moisture Meter  
Drying Oven 
After soil samples were homogenized , an Emerson  stainless steel,  drying oven (Picture 2.16) was used 
to remove moisture in the sample; using EPA Method 6200 (EPA, 2007) “Drying Oven” as a reference. 
Sample drying times can vary based on moisture content and soil matrix. A common procedure used to 
determine when drying is complete is to use a soil moisture meter at set intervals to determine the 
remaining moisture content. When the required sample moisture content is met, the sample is removed 
from the drying oven.  
 
Picture 2.16 – Stainless Steel Drying Oven used to Dry Samples. 
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Sample Cups 
After samples were dried, sieved and homogenized, the soil was placed inside XRF sample cups (Picture 
2.17). The sample cups used for this research were single side opening plastic XRF cups made by 
Chemplex Industries. These sample cups were one inch high and one inch in diameter with a thin Mylar 
window, 63.5mm, placed over the surface (Picture 2.18).  Measuring very thin samples can affect results 
and the manufacturer recommends that sufficient soil should be placed inside of the sample cups to 
achieve a minimum thickness of 0.5 inches (Innov-X, 2007). The XRF sample would be gently mixed 
(shaking) to try and evenly distribute the coarser-grained and fined matrix particles in the sample, prior 
to analysis. Through information collected during the literature review (Chapter 1) it was determined 
that mixing the sample reduces an error that could be attributed to an analyte existing only in fine grain 
particles.  Once the sample cup was prepared it could be analyzed using the XRF sample stand (Picture 
2.19). 
 
Picture 2.17 –XRF Sample Cup (Side View) 
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Picture 2.18 – XRF Sample Cup (Bottom View)  
 
Picture 2.19 – Sample Cup over XRF Window 
2.3 Operation 
This section will describe the start up menus on the XRF software and the procedures that need to take 
place prior to sample analysis. 
2.3.1 XRF Start-Up Procedures 
After both the iPAQ and XRF are turned on, the first step a user must take prior to collecting a sample is 
to open the Innov-X software program on the iPAQ (Version 1.62.0 was used during these experiments). 
The first menu that appears is a warning that mentions the hazards of an ionizing radiation generating 
device and that the user must be certified to operate the device (Picture 2.20). The author’s “Innov-X 
System Radiation Safety and Operator Training Certificate” is provided in Appendix A of this chapter.  
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Picture 2.20 – Ionizing Radiation Screen 
The Innov-X Model α-4000 Portable XRF is capable of analyzing many different materials. The default 
operational modes provided from the manufacture are: Lead Paint Mode, Soil Mode and Empirical Assay 
Mode (Picture 2.21).  Other analysis settings can be installed by the manufacturer.  For this thesis the 
Soil Mode was used exclusively.  
 
Picture 2.21 – Innov-X Analysis Mode Options 
Once the operational mode is selected the software requires the user to place one of the 
standardization clips (described in Section 2.2.4) over the XRF window (Picture 2.22). Without first 
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scanning the standardization clips the user will not be able to analyze a sample. Picture 2.23 shows 
standardization using the standardization clip placed over the XRF; the red light on the XRF indicates 
that the x-ray tube is on.  
 
Picture 2.22 – Innov-X Standardization Screen 
 
Picture 2.23 – Innov-X Standardization using Standardization Clip 
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The standardization clip has a known concentration of iron and molybdenum (Table 2.2) which the 
Innov-X uses to check location of spectral peaks and expected number of counts per second under those 
peaks (area). Another piece of information the standardization gives is the channel resolution of the 
detector in electron volts (eV). Picture 2.24 shows the completed standardization check and Picture 2.25 
shows a detector resolution of 235eV after standardization was complete, which matches with the 
manufacturers reported resolution presented in Table 2.1. 
The standardization clip is made of an alloy which contains a known concentration of both iron (Fe) and 
molybdenum (Mo). Table 2.2 shows the associated energy levels for both Fe and Mo, the XRF looks at 
the Kα1 energies to identify the elements on a spectrum. By using Fe and Mo to standardize the 
detector’s resolution, the iPAQ is able to observe a low (6.4 keV) and a high (17.48 keV) energy. This 
ensures that energies that fall in between are accurate. Both uranium and thorium have Lα1 and Lβ1 
energy lines within these two values.  
Table 2.2 Standardization Clip Energies for Iron and Molybdenum 
Element Symbol Atomic # K Alpha1 (keV) K Beta1 (keV) L Alpha1 (keV) L Beta1 (keV) 
Iron Fe 23 6.4 7.06 0.71 0.072 
Molybdenum Mo 42 17.48 19.61 2.29 2.39 
 
 
Picture 2.24 – Detector Standardization Results 
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Picture 2.25 – Detector Resolution 
A spectrum was collected using the standardization clip on the XRF, in hand-held mode, to show the 
peaks identified for both Fe and Mo. Figure 2.1 shows a 45 second acquisition time on the 
standardization clip with labeled peaks for both Fe and Mo. Once the instruments standardization check 
is complete, the user may create a new file to analyze a sample. Sample information can be recorded to 
include site/project name, sample name, matrix, acquisition times and the analyst’s name.  
The spectrum screen displays a plot of the x-ray fluorescence spectrum for an individual test, plotting 
the intensity on the y-axis versus the energy (keV) of the fluorescence x-rays on the x-axis.  
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Figure 2.1 – Spectrum of Standardization Clip
 
 
This figure shows a spectrum from the Innov-X software, which is viewable on the iPAQ, after a sample is analyzed. This particular spectrum was 
collected from analyzing the factory provided standardization clip which has known concentrations of iron and molybdenum (labeled on the 
graph). 
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After the minimum time has elapsed, for sample acquisition, results will be displayed on the iPAQ 
screen. The standard “Soil Mode” results screen displays the concentration and error, both in ppm, for 
each element detected, followed by the list of non-detected elements with the calculated limit of 
detection for each element  for that test. This reported error is the 1 sigma error on the counting 
statistics of the measurement. The error will decrease over time and is experimentally shown in Section 
2.5.2 of this chapter. Picture 2.26 shows the results screen of a sample which contained uranium with a 
concentration of 3151ppm and an error of 32ppm, collected from the Town of Tonawanda Landfill 
FUSRAP project (described in Chapter 3), as an example.  
 
Picture 2.26 – XRF Results Screen (Element Name; Concentration (ppm); Error (ppm) 
The manufacturer does not provide their software’s algorithms on how element specific concentrations 
are determined. It is known that Innov-X software looks at the location of peaks, on a spectrum, and 
their associated intensity. The internal library contains regions of interest, which can be adjusted, that 
the software looks at for individual elements. For example, the uranium Lα1 peak is located at 13.614 keV 
and the region of interest the software is looking at is between 13.5 – 13.9 keV. The software also looks 
at the area underneath the spectrum between regions of interest to determine if an element is present. 
Another piece of information that is user adjustable is a value called a “multiplication factor” which is 
used in the software’s algorithms. If a standard, with a known concentration, is scanned and the 
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reported XRF concentration does not match, the user can adjust a multiplication factor which will fine-
tune the output of the software’s calculation to match the known standard. There are sources of error 
associated with the software’s calculation, including spectral interference, which will be explained in 
Section 2.5.4 “Spectral Interference”.   
2.4 Detection of Uranium and Thorium 
This section will go over the conversion of total uranium and total thorium concentrations by mass into 
concentrations in activity for Uranium-238 and Thorium-232, respectively. For this exercise an 
assumption is made that uranium and thorium are present in natural abundance for their associated 
isotopes.   
2.4.1 Uranium Calculation 
The following calculation is the theoretical conversion of total uranium (ppm) to natural uranium (pCi/g). 
First, a sample is assumed to have 1ppm of total U which equals the following:  
1ppm total U = 1 mg/kg total U 
Next the units are converted from mg/kg into grams: 
(1 mg/kg) x (1 kg/ 1000g) =  0.001 mg/g =  1ug/g  = 10-6g 
Converting total uranium ppm into pCi/g of an isotope: 
Natural Abundance of U-238 = 0.99 
Specific Activity U-238 = 0.00000034 Ci/g  
Convert into pCi/g = (3.4 x 10-7 Ci/g ) (1 pCi/10-12Ci) = (3.4 x  105 pCi/g) 
Final Conversion: 
 1 ppm total U = (10-6 g of total U) x (0.99) x (3.4 x  105 pCi/g) = 0.3366 pCi/g of U-238 
 
Based on this, for every 1 ppm of total U in soil there should be approximately 0.3366 pCi/g of U-238 
(assuming natural abundance).  
As an example, an XRF reading of total uranium at 20ppm would be around 6.732 pCi/g U-238.  
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2.4.2 Thorium Calculation 
The following calculation is the theoretical conversion from total thorium (ppm) to natural thorium 
(pCi/g). First, a sample is assumed to have 1ppm of total Th which equals the following:  
1ppm total Th = 1 mg/kg total Th 
Next the units are converted from mg/kg into grams: 
(1 mg/kg) x (1 kg/ 1000g) =  0.001 mg/g =  1ug/g  = 10-6g 
Converting total thorium ppm into pCi/g of an isotope: 
Natural Abundance of Th-232 = 0.99 
Specific Activity Th-232 = (1.1 x 10-7 Ci/g)  
Convert into pCi/g = (1.1 x 10-7 Ci/g ) (1 pCi/10-12Ci) = (1.1 x  105 pCi/g) 
Final conversion: 
 1 ppm  of total Th = (10-6 g of total Th) x (0.99) x (1.1 x  105 pCi/g) = 0.1089 pCi/g of Th-232 
 
Based on this, for every 1 ppm of total Th in soil there should be approximately 0.11 pCi/g of Th-232 
(assuming natural abundance).  
As an example, an XRF reading of total thorium at 44ppm would be around 4.84pCi/g Th-232 
 
 
Two references which explain converting from mass to activity are provided by the Health Physics 
Society, ask the experts website (Chabot and Frame):  
http://www.hps.org/publicinformation/ate/q6747.html 
http://www.hps.org/publicinformation/ate/q2345.html 
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2.5 XRF Performance 
This section will describe the Innov-X Model α-4000 XRF analyzer’s performance on calibration 
standards of uranium and thorium with known concentrations. Over seven hours of sample 
measurements were needed to analyze three uranium and three thorium standards with varying 
concentrations and acquisition times.  The goal of this analysis was to determine the precision of the 
XRF and the affect of different acquisition times on sample results over a range of concentrations.  
2.5.1 Uranium/Thorium Standards 
With any measurement technique there is value in acquiring standards with known concentrations to 
check the operation of the equipment. For radiation detectors, “source checks” are used daily to trend 
the operational performance of a detector (i.e. Sodium Iodide). A radioactive source with known activity 
would be positioned under the detector and multiple one minute counts could be collected and 
recorded each day. At some frequency the user could look at the daily source checks, over time, and 
determine if the detector is within an acceptable operational range (i.e. + or – 2sigma of the known 
value).  
The XRF analyzers manufacturer, Innov-X, recommends that a user measures a check standard after 
each standardization and periodically throughout the day. The user manual (Innov-X, 2007) also states at 
least one standard should be measured for a minimum of 1 minute. Elemental concentrations for 
elements of interest plus or minus the error on the reading should be within 20% of the standard value 
(Innov-X, 2007/EPA, 2007). During past XRF investigations, XRF samples were acquired to check the 
performance on the device during field operation at Rattle Snake Creek, FUSRAP site (Johnson, 2004). In 
2007, USACE-Buffalo acquired site specific standards that contained concentrations of uranium and 
molybdenum (analyzed in Section 2.5.4), in matrices expected to be found on site, for use at the 
Harshaw Chemical Company FUSRAP site (Walston, 2007) as well as the following six standards of 
uranium and thorium, in silicon dioxide, shown in Table 2.3.  
Table 2.3 – Uranium and Thorium Standards in Silicon Dioxide 
  Concentration(ppm) 
Thorium 25 50 150 
Uranium  25 75 150 
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The silicon dioxide standards analyzed for this chapter (Table 2.3) were purchased from Research 
Technology Corporation (RTC) and were made using naturally occurring isotopes of uranium in salt form, 
U02(NO3)2  and thorium in the form Th(NO3)4xH2O. This material was digested and homogenized in a 
silicon dioxide matrix and the final concentration was measured at the laboratory using inductively 
coupled plasma atomic emission spectroscopy. The results of the standards were certified to reported 
concentrations within 0.5ppm, the standard certificates are attached in Appendix A of this chapter. 
Additionally, a blank matrix of silicon dioxide was acquired for use as a quality control check on the 
measurements.   
2.5.2 XRF Precision  
The US EPA Method 6200 on field portable XRF spectrometry (EPA, 2007) states that short 
measurement times (30 seconds) are generally used for initial screening and hot spot delineation, and 
longer measurement times (up to 300 seconds) are typically used to meet higher precision and accuracy 
requirements. Using this information, a sampling protocol was designed to check the precision of the 
XRF when different count times were used with different concentrations of uranium and thorium (15 – 
180 seconds).  
To test the precision of the XRF, three total uranium standards and three total thorium standards (Table 
2.3) were repeatedly analyzed at the same location, without moving the sample cup in between 
measurements. Each standard was scanned ten times for the following acquisition settings: 15, 30, 45, 
60, 120, 180 seconds for a total of 180 measurements per sample (360 XRF measurements overall). For 
this analysis, the precision of the XRF for total uranium and total thorium was categorized, based on the 
calculated relative standard deviation (RSD), Equation 1, for each of the samples and compared to the 
RSD scale from EPA Method 6200 (EPA, 2007) shown in Table 2.4. 
Equation 1 
RSD  = (SD/Mean Concentration) x 100 
Where: 
RSD = Relative Standard Deviation 
SD = Standard Deviation 
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Table 2.4 XRF Precision Rating 
Precision Rating Criteria 
Very Low Variability RSD < 5% 
Low Variability 5% < RSD < 10% 
Somewhat Variable 10% < RSD < 20% 
High Variability RSD > 20% 
 
Another relationship EPA Test Method 6200 recommends calculating is the percent difference between 
XRF results and samples with a known concentration. A percent difference (%D) was calculated using 
Equation 2 for each sample scanned. The EPA recommends that the %D should be within ±20 percent of 
the certified value for each analyte. If the %D falls outside this acceptance range, then the XRF’s 
calibration curve should be adjusted. A user is able to adjust the “multiplication factor” on the Innov-X 
Model α4000 XRF analyzer which can fine-tune reported concentrations to match a standard’s 
concentrations (Section 2.5.1).   
 
Equation 2 
%D = [ABS|(Cs - Ck) / Ck)|] x 100 
Where: 
%D = Percent Difference 
ABS = The Absolute Value 
Ck = Certified Concentration of Standard Sample 
Cs = Measured Concentration of Standard Sample 
 
A summary of the repeated XRF measurements on standards using different count times for total 
thorium and total uranium is shown in Table 2.5 and Table 2.6, respectively. The calculated RSD 
(Equation 1) indicated a high level of precision for the XRF for all thorium concentrations and count 
times (low variability; RSD between 1.49 and 9.99ppm) except the 15 second acquisition time with the 
25ppm total thorium standard (which had a somewhat variable RSD at 12.83ppm). Uranium standards 
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had an RSD indicating low variability for 13 out of 18 samples (2.5 – 9.72ppm) and the remaining 5 
samples were somewhat variable using the rating in Table 2.4. Comparison of the average reported 
error to the standard deviation, for both total thorium and total uranium, revealed that the average 
reported error was similar to the standard deviation for all samples.  This observation indicates that, for 
the replicate measurements of these samples, the XRF exhibited an acceptable level of precision in 
determining total thorium and total uranium at all acquisition times. 
The calculated percent difference (Equation 2) for total thorium was higher on lower concentration 
standards and decreased as the standards concentration increased. The total thorium was 
overestimated by the XRF for every sample by a varying amount (5.73% - 55.6%). The percent difference 
on the uranium standards was consistent on all samples scanned and the reported XRF concentration 
was approximately 33% below the actual standards value.  A conclusion of these results would be to 
adjust the internal software settings (region of interest and multiplication factor) to fine-tune the 
response to these elements until they match the laboratory standards.  
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Table 2.5 – Evaluation of XRF for the Presence of Total Thorium in Three Samples 
Source 
Acquisition 
Time 
(seconds) 
N 
Mean 
(ppm) 
Median 
(ppm) 
Min 
(ppm) 
Max 
(ppm) 
Standard 
Deviation (ppm) 
Average Reported 
Error (ppm)  
Relative 
Standard 
Deviation of 
the XRF 
Result     
 (% RSD) 
Percent 
Difference 
(%D) 
Th (25 ppm) 15 10 36 36.5 30.0 43.0 4.62 4.7 12.83 44.00 
Th (25 ppm) 30 10 37 37.0 36.0 41.0 2.57 3.2 6.92 48.00 
Th (25 ppm) 45 10 37.8 38.0 35.0 42.0 2.49 3 6.58 51.20 
Th (25 ppm) 60 10 38.3 38.5 36.0 41.0 2.41 2 6.28 53.20 
Th (25 ppm) 120 10 38.5 39.0 34.0 42.0 2.17 2 5.64 54.00 
Th (25 ppm) 180 10 38.9 39.0 37.0 40.0 1.20 1 3.08 55.60 
                      
Th (50 ppm) 15 10 57.2 55.5 48 67 5.71 5.9 9.99 14.40 
Th (50 ppm) 30 10 56.2 57 51 60 3.65 4 6.49 12.40 
Th (50 ppm) 45 10 57.3 57 55 62 2.26 3 3.95 14.60 
Th (50 ppm) 60 10 58.8 58.5 55 65 3.05 3 5.18 17.60 
Th (50 ppm) 120 10 59.1 58 57 62 2.13 2 3.61 18.20 
Th (50 ppm) 180 10 59.1 59 56 61 1.66 2 2.81 18.20 
                      
Th (150 ppm) 15 10 157.6 156.5 142 173 10.47 9.5 6.65 5.07 
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Th (150 ppm) 30 10 156.3 156.5 151 163 4.11 6.6 2.63 4.20 
Th (150 ppm) 45 10 156 155.5 153 161 2.83 5 1.81 4.00 
Th (150 ppm) 60 10 161.8 161.5 156 167 3.16 5 1.95 7.87 
Th (150 ppm) 120 10 160.2 160 156 165 3.01 3 1.88 6.80 
Th (150 ppm) 180 10 158.6 159 154 162 2.37 3 1.49 5.73 
 
 
Table 2.6 Evaluation of XRF Precision for the Presence of Total Uranium in Three Samples 
Source 
Acquisition 
Time 
(seconds) 
N 
Mean 
(ppm) 
Median 
(ppm) 
Min 
(ppm) 
Max 
(ppm) 
Standard 
Deviation (ppm) 
Average Reported 
Error (ppm)  
Relative 
Standard 
Deviation of 
the XRF 
Result  
(% RSD) 
Percent 
Difference 
(%D) 
U (25 ppm) 15 10 15.5 17.0 11.0 18.0 2.84 4 18.30 38.00 
U (25 ppm) 30 10 17.4 17.0 11.0 22.0 3.50 3 20.13 30.40 
U (25 ppm) 45 10 16.3 16.5 13.0 20.0 2.00 2 12.29 34.80 
U (25 ppm) 60 10 16.8 16.5 16.0 18.0 0.92 2 5.47 32.80 
U (25 ppm) 120 10 16 15.5 15.0 18.0 1.15 1 7.22 36.00 
U (25 ppm) 180 10 16.9 17.0 15.0 19.0 1.20 1 7.08 32.40 
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U (75 ppm) 15 10 53.4 52.5 44 77 7.26 6.2 13.6 28.80 
U (75 ppm) 30 10 51 50.5 44 59 5.25 4.2 10.3 32.00 
U (75 ppm) 45 10 52.5 52.5 42 60 5.1 3.9 9.72 30.00 
U (75 ppm) 60 10 51.7 51.5 47 59 3.59 2.8 6.95 31.07 
U (75 ppm) 120 10 51.8 52 48 55 2.2 2 4.25 30.93 
U (75 ppm) 180 10 49.2 49 48 52 1.23 2 2.5 34.40 
                      
U (150 ppm) 15 10 101.1 98 93 116 7 7.3 6.92 32.60 
U (150 ppm) 30 10 99.1 97.5 94 107 4.53 5 4.57 33.93 
U (150 ppm) 45 10 97 97.5 91 102 3.89 4 4.01 35.33 
U (150 ppm) 60 10 98.2 97.5 95 103 2.9 3.7 2.95 34.53 
U (150 ppm) 120 10 99.3 100 93 105 3.71 2.4 3.74 33.80 
U (150 ppm) 180 10 96.4 96.5 94 101 2.27 2 2.35 35.73 
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In most cases the reported error, and standard deviation, of repeated sample results decreased as the 
acquisition time of the analysis increased.  Figure 2.2 shows two plots (Error vs Count Time and Standard 
Deviation vs Count Time) associated with the thorium standard analysis. These plots show that as longer 
count times are used the XRF reported error and actual standard deviation between the repeated 
samples decreased, which is an artifact of counting statistics associated with all instruments. The 
relationships shown in Figure 2.2 were also found for the uranium standards.  
Another important result of longer count times is the reduction in the RSD. Figure 2.3 shows a graph of 
the RSD versus count time for total thorium, a similar plot was found for the total uranium standards.  
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Figure 2.2 XRF Reported Error and Standard Deviation for Increasing Count Time on Thorium Standards 
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Figure 2.3 XRF Relative Standard Deviation vs Count Time for Thorium 
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A final analysis used to look at the XRF’s performance against standards was to calculate the relative 
percent error (Equation 3) associated with each measurement. The results of this investigation for total 
uranium and total thorium are presented in Table 2.7 and 2.8, respectively.  
Equation 3 
RPE = RE/Ck 
Where: 
RPE = Relative Percent Error 
RE = Average Reported XRF Error  
Ck = Certified Concentration of Standard Sample 
 
Table 2.7 Uranium Relative Percent Error         Table 2.8 Thorium Relative Percent Error 
Relative Percent Error    Relative Percent Error  
Uranium 25 75 150    Thorium 25 50 150 
Seconds ppm ppm ppm   Seconds ppm ppm ppm 
15 0.160 0.083 0.049   15 0.188 0.118 0.063 
30 0.120 0.056 0.033   30 0.128 0.080 0.044 
45 0.080 0.052 0.027   45 0.120 0.060 0.033 
60 0.080 0.037 0.025   60 0.080 0.060 0.033 
120 0.040 0.027 0.016   120 0.080 0.040 0.020 
180 0.040 0.027 0.013   180 0.040 0.040 0.020 
 
As the acquisition time increased, the relative percent error decreased for both thorium and uranium 
standards. The RPE decreased as the sample concentration increased, as well. Figure 2.4 shows the 
relative percent error versus count time associated with the thorium standard analysis. A similar plot 
was found for the total uranium standards.  
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Figure 2.4 – Relative Percent Error as a function of Sample Count Time
 
 2.5.3 XRF/iPAQ Battery Performance  
While collecting data for the XRF precision analysis, one sample exhibited a decrease in concentration as 
the number of sequential readings increased. The standard was listed as containing 50ppm of total 
uranium and initially was reading at approximately 150ppm on the XRF analyzer. As the sample was 
scanned multiple times, with increasing acquisition time (Section 2.5.2), the reported concentration 
gradually decreased until the XRF’s battery died. Usually, when operated in a laboratory setting, the XRF 
is directly plugged into AC power, but in this case it was running on a rechargeable battery. This 
evaluation noticed a nearly 50% decrease in sample concentration over the first 50 measurements 
collected. After the 51st measurement the XRF’s battery died. The battery was promptly replaced with 
an AC battery and the 52nd measurement reported a concentration of total uranium of 115ppm (up from 
63ppm the previous measurement).  A plot of the total uranium XRF results  are plotted in Figure 2.5 
along with a “best-fit” linear tread line which indicates a downward trend for the dataset.  
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Figure 2.5 Reported Total Uranium Concentration vs Time 
 
 The Harshaw XRF performance evaluation (Johnson, 2007) identified a quality control issue when 
sequentially scanning XRF standards throughout the course of the work day. That report concluded that 
the XRF’s battery discharged throughout the day and affected the reported XRF results.   
“…Collectively, these results indicate that system degradation had occurred over sequential XRF 
measurements collected during the course of a day.  Degradation was observed in the 
decreasing trend in XRF results for total uranium and the greater disparity between the averaged 
reported XRF error and standard deviation.  Discharge of the XRF battery is the most plausible 
explanation for the observations of daily degradation of the XRF measurements.  The ability of 
the XRF to analyze the concentrations of elements is a function of the amount of energy supplied 
to the x-ray tube to excite and quantify element electrons.  As the power supply is depleted in the 
XRF in-between charges, the weakened power supply may affect the XRF result.  Measures to 
minimize this effect include charging the XRF battery at regular times of the day (i.e., over lunch-
time) or keeping fully-charged spare batteries in possession to be exchanged on a frequent basis 
throughout the day as needed.” – Johnson, 2007 
Upon further research, for this thesis, it was determined that during the sample analysis for the total 
uranium standard, Figure 2.5, the XRF’s iPAQ was using a setting which would charge itself when 
plugged into a docking station. The problem that occurred was the iPAQ’s docking station was plugged 
directly into the XRF analyzer and the iPAQ was potentially pulling a current from the XRF analyzer to 
charge itself. This issue was brought up to Innov-X who verbally confirmed that this could lead to 
reporting errors as both the iPAQ and XRF battery’s were low on charge at the end of analysis. The 
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decreasing trend of total uranium results was most likely not associated with the battery degradation, 
Innov-X has built in software that will shut the battery down if voltage is affecting the performance, but 
it could be due to a drop in current to the X-ray tube.  
2.5.4 Spectral Interference 
Two sets of uranium standards were available to test the precision of the XRF analyzer for this thesis. 
One set was made in a silicon dioxide matrix (Table 2.3), used for Section 2.5.1, and the second set was 
from the Harshaw XRF Performance Evaluation which contained uranium and molybdenum. Three 
Harshaw samples were analyzed during this investigation using the same procedures of Section 2.5.2 of 
this thesis. After scanning two of the samples (U 25ppm and U 150ppm) it was determined that XRF was 
over estimating the total uranium concentration in the Harshaw standards and underestimating the 
total uranium concentration in the silicon dioxide standards.  
Upon further analysis of the reported elements, it was found that the Harshaw 150ppm uranium 
standard contained strontium (Sr) at a concentration of approximately 3000ppm. The element strontium 
has a kα1 x-ray line with an energy of 14.16 keV and uranium has a Lα1 x-ray line with an energy of 13.61 
keV.   These two peaks are located within 0.55 keV of each other and have the potential to cause 
interference with reporting, depending on the region of interest the Innov-X software is looking at to 
calculate concentrations. The pre-set region of interest for uranium, on the Innov-X software, was 13.5 
keV through 13.9 keV and the strontium region of interest starts at 13.9 keV.  When the spectrum is 
enlarged to look at these regions it was evident that the left side of the strontium peak was included in 
the region of interest for uranium and could be causing an elevated reported concentration for total 
uranium.  
Spectrums were generated for both the Harshaw uranium (150ppm) standard and the silicon dioxide 
uranium (150ppm) standard and are shown in Figure 2.6 and Figure 2.7, respectively. The Harshaw 
standard has a predominant peak at 14.16 keV (strontium) which is many orders of magnitude higher 
than the 13.61 keV (uranium) peak. The silicon dioxide standard did not contain strontium and the 
uranium peak is easier to identify.  
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Figure 2.6 – Harshaw Uranium (150 ppm) Spectrum; 180 Second Acquisition Time 
 
Figure 2.7 – Silicon Dioxide Uranium (150 ppm) Spectrum; 180 Second Acquisition Time 
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The Innov-x software calculates the concentrations of elements by taking the area under the XRF 
(intensity vs energy) spectrum between a set region of interest and the intensity at the peak location. 
The only inputs a user is able to adjust, on the XRF, are the regions of interest for an element and a 
value called the “multiplication factor” which is used in the calculation of element concentration in the 
Innov-X’s built in software package.  A plot was made to show two XRF spectrums on top of one another 
to determine how much of an impact the presence of strontium would have on a reported total uranium 
concentration.  
Figure 2.8 shows both the Harshaw 150ppm uranium standard (Blue Line) and the silicon dioxide 
150ppm uranium standard (Red Line) plotted on the same graph; both collected using an acquisition 
time of 180 seconds.  The Harshaw standard had a reported concentration of total uranium at 209ppm 
and the silicon dioxide total uranium concentration was reported to be 101ppm. The vertical line at 
13.61 keV is where the uranium Lα1 should be and the two dotted vertical lines represent the region of 
interest the Innov-X software is looking at to calculate the uranium concentration.  As can be seen in the 
plot, the strontium peak starts to increase at around 13.7keV and continues until the uranium region of 
interest ends. This area under the strontium peak is included in the area used calculate the total 
uranium concentration which leads to an elevated percent difference between the XRF and the 
standards true value. This information was presented to Innov-X and confirmed to be spectral 
interference between U and Sr. 
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Figure 2.8 – Harshaw and Silicon Dioxide Uranium (150 ppm) Spectrum; 180 Second Acquisition Time 
 
Note: This spectrum is centered along the x-axis to show both the Harshaw and silicon dioxide standards within the region of interest the XRF’s 
software uses to calculate the concentration of uranium (13.5 – 13.9keV). A dotted vertical line is located at the lower and upper region of 
interest, for uranium, and a solid vertical line is positioned at the uranium 13.61keV, Lα1, peak.  The blue spectrum line is the Harshaw standard 
which had a reported XRF concentration of total uranium of 209ppm and the red spectrum line is the silicon dioxide standard which had a 
reported XRF concentration of total uranium of 101ppm. The Harshaw standard contained the element strontium which has a predominate 
peak, at 14.16keV, which starts within the region of interest for uranium. The section labeled “Potential Peak Interference” on Figure 2.8 is the 
extra area included in the total uranium calculation for the Harshaw standard, which is not present in the silicon dioxide standard. This extra 
area within the uranium region of interest erroneously reports the uranium concentration higher than it actually is (i.e. 209ppm rather than 
150ppm).  XRF users should be aware of potential peak interferences when scanning soils and adjust accordingly to compensate for reporting 
errors.  
40 
 
2.6 Conclusions  
The investigations of this chapter confirmed that the reported XRF error was similar to the experimental 
standard deviation of sequential readings on multiple standards. It was also determined that as sample 
acquisition time increases the XRF’s reported error and the associated standard deviation, between 
multiple scans decreased.  The calculated relative percent difference (Equation 1) for both thorium and 
uranium indicated a high level of precision for the XRF for all thorium and uranium concentrations and 
count times (mostly, low variability).  
 
The percent difference (Equation 2) for uranium standards was consistent for different concentrations 
and the reported XRF concentration was underestimated by approximately 33%. The percent difference 
on the thorium standards decreased as the standards concentration increased.  These observations 
indicate that, for the replicate measurements of these samples, the XRF exhibited an acceptable level of 
precision in determining total uranium but that total thorium may be an issue due to the varying percent 
differences at each concentration. As a result of this information, for future investigations the XRF 
should be calibrated to match up with the laboratory reported concentrations. This can be done either 
with adjusting the internal multiplication factor on the Innov-X software or by working with the 
manufacture directly.  
If a user is interested in screening level results a short acquisition time (<45 seconds) could be used with 
reasonable accuracy (small standard deviation/reported error) but from this point forward a minimum 
of 45 seconds will be utilized for in-situ measurements for this thesis. At acquisition times of 45 seconds 
and greater the relative standard deviation decreased for all reference standard concentrations. An 
acquisition time of 45 seconds almost always had the same reported error as an acquisition time of 60 
seconds; therefore 45 seconds may be the point of diminishing return for acquisition times less than one 
minute. If a user is interested in definitive results, the data in this chapter indicates that repeated 
measurements using an acquisition time of 180 seconds will give the lowest reported error/relative 
percent error, and lowest relative standard deviation. From this point forward ex-situ measurements 
will be collected using a 180 second count time and multiple measurements will be collected for this 
thesis. 
When using the XRF analyzer in a field setting the user should make sure that the iPAQ and XRF batteries 
are fully charged. It was determined that when the iPAQ and XRF batteries are depleted the iPAQ may 
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start to pull a current from the XRF, to charge itself, and it can affect the reported results. Quality 
control scans should be used throughout a work day to ensure that consistent results are found. 
Multiple batteries could be used for field work in remote locations and batteries should be charged 
during lunch breaks (if possible) and after each work day to prevent reporting errors.  
Finally, spectral interference was found when a sample contained both strontium and uranium. The 
strontium Kα1 x-ray line was included in the default uranium region of interest which, inaccurately, 
elevated the reported uranium concentration.  Only one spectral line interference was found during this 
investigation but others may exist. The author recommends that when samples contain multiple 
elements, with similar x-ray energies, the user should investigate the XRF spectrum, and regions of 
interest, to determine if spectral interferences can cause erroneous readings. If an error is found it may 
be adjusted with help of the manufacture or perhaps adjusting the region of interest and multiplication 
factor for that particular element.   
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3.0 Introduction  
In 2009 the US Army Corps of Engineers (USACE) performed Remedial Investigation (RI) sampling on a 
FUSRAP property in the Town of Tonawanda, New York. During this investigation soil samples were 
collected at various depths below grade level using geoprobe drilling equipment and samples were sent 
off site for radiological analysis for the site contaminants of concerns (based on site history). Field 
instruments were used to identify locations exhibiting higher gamma and beta radiation, based on 
counts per minute, by field personnel to bias sample collection. At the time of this investigation there 
was an opportunity to collect and scan, using an XRF, a small portion of soil from biased sample 
locations. This chapter will describe the site history, sampling rationale, sample collection/preparation, 
radiological concentrations found, and a comparison of the results of field portable XRF analysis against 
the off-site laboratory concentrations. This chapter is titled “Real-Time Field Investigation” because 
samples were collected and scanned the same day with the XRF and laboratory concentrations were not 
known until a couple months after field work had been completed. A relationship between XRF and off-
site laboratory concentrations will be useful for future sampling events due to the ability of XRF to give 
concentrations in a matter of minutes after sample collection. The results of this will be presented at the 
end of this chapter.  
3.1 Site History and Constituents of Concern 
A Proposed Plan for the Tonawanda Site in Tonawanda, New York was originally prepared by the United 
States Department of Energy (DOE), in September 1993, under its authority to conduct FUSRAP. The 
1993 Proposed Plan for the DOE Tonawanda Site addressed remediation of radioactive contamination at 
four locations in the Town of Tonawanda that comprised the DOE Tonawanda Site as defined at the 
time: The Linde (now Praxair) Site; the Ashland 1 Site; the Ashland 2 Site; and the Seaway Site. Due to 
local concern regarding the DOE’s 1993 Proposed Plan, the DOE began to address each site separately. 
 
In 1990, the DOE raised the concern that radiological material from the Linde site might have been 
disposed in the nearby Town of Tonawanda Landfill and requested a team from the Oak Ridge National 
Laboratory (ORNL) to conduct a radiological survey of the landfill and adjoining mudflats. Field sampling 
and gamma survey results by ORNL indicated the presence of MED-like material in the non-operational 
landfill (DOE 1992, ORNL 1992). Identified constituents of concern were uranium-238 (U-238), thorium- 
230 (Th-230) and radium-226 (Ra-226). As a result, the Landfill, comprised of the landfill itself and the 
adjoining mudflats, was designated as a FUSRAP vicinity property in 1992. 
 
 
 
2 
 
On October 13, 1997, the Energy and Water Development Appropriations Act was signed into law as 
Public Law 105-62. Pursuant to this law, FUSRAP was transferred from the DOE to the USACE. As a result 
of this transfer, the responsibility for this project was transferred to the USACE. The Energy and Water 
Development Appropriations Act for Fiscal Year 2000, Public Law 106-60, provides authority to USACE to 
conduct restoration on FUSRAP sites subject to the Comprehensive Response, Compensation, and 
Liability Act (CERCLA), 42 United States Code 9601 et seq., as amended. At that point, USACE began 
addressing the four locations of the Tonawanda Site and associated vicinity properties as individual 
projects under CERCLA. A full overview of this agency transfer is presented in Chapter 1.  
 
One of these individual projects was the Tonawanda Landfill Vicinity Property, a site including both a 
landfill operable unit (OU) and mudflats OU. USACE study of the site began in 2001 with a whole-site 
field investigation that culminated in a 2005 RI Report (USACE, 2005). Because the Baseline Risk 
Assessment (BRA) portion of the remedial investigation report concluded that the incremental lifetime 
cancer risk (ILCR) to human receptors was within the criteria established in the National Oil and 
Hazardous Substances Pollution Contingency Plan (NCP), a ‘No Further Action’ Proposed Plan for both 
operable units was issued to the public in 2007 (USACE, 2007).  
3.2 Results of Previous Investigations 
Multiple site RI’s have occurred on the Town of Tonawanda Landfill (TTLF) property since 1990. A brief 
description of each sampling event and their results are provided in the following sections.  
3.2.1 DOE Investigations (1990-1995) 
Radioactive material surveys for the presence of FUSRAP-related materials at the Landfill and Mudflats 
were conducted by the DOE in 1990 as part of the Linde FUSRAP Site investigation. The intent of the 
survey was to assess whether any FUSRAP-related materials had been transported and disposed off-site 
in the general area surrounding the Linde facility. The preliminary survey was completed using a mobile 
gamma scanning van. An anomaly in the survey detected in the Mudflats during the mobile scanning 
activities was verified using handheld gamma screening devices. Subsequent soil samples collected from 
the area around the anomaly indicated elevated levels of U-238 and Ra-226, which are two isotopes 
consistent with material expected to be in ore processing byproducts generated at the Linde Site (ORNL, 
1990). 
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A limited radiological survey was conducted by DOE in September 1991 (ORNL, 1992). The survey 
focused on both the Landfill and Mudflats and consisted of gamma walkover scans, measurement of 
radiation levels, and the collection and analysis of systematic and biased soil samples. The results of the 
survey detected soils in the Landfill and Mudflats with elevated concentrations of Ra, Th, and U. 
Laboratory results received indicated some soil samples exhibited characteristics similar to the FUSRAP-
related product formerly produced at the Linde facility and others were consistent with the by-products 
of the refinery process conducted at the same Linde facility. The Landfill and Mudflats were 
subsequently designated together as a single Vicinity Property of the Linde FUSRAP Site.  
DOE conducted additional soil sampling activities at the Landfill and Mudflats in 1994 to determine the 
vertical extent of the radiological contamination at the site. Analytical results obtained for subsurface 
soil, sediment, surface water and groundwater samples indicated that the radiological contamination 
was mainly limited to the upper 1.5 feet of soil, but was found in lesser concentrations at 24.5 feet 
below ground surface (bgs). A summary of sampling results are presented in Table 3.1.  
 
Table 3.1 – Summary of DOE Investigation Results 
Matrix # Samples at Landfill OU Results 
Soil 148 samples 92 locations 
Th-230: 1.59-4300 pCi/g 
U-238: 2.34-1800 pCi/g 
Ra-226: 2.27-2000pCi/g 
Lead (2 samples): 740 
mg/kg; 1,200 mg/kg 
Surface 
Water 1 sample 
Th-230: 0.2 pCi/L 
Th-232: 0.06 pCi/L 
U-238: 48.2 pCi/L 
Ra-226: 521 pCi/L 
Sediment 1 sample 
Th-228: 2.7 pCi/G 
Th-230: 121.8 pCi/g 
Th-232:2 pCi/g 
U-234: 382.3 pCi/g 
U-235: 19.5 pCi/g 
U-238: 393.5 pCi/g 
Ra-226: 65.7 pCi/g 
Groundwater 2 samples 
 
Th-230: 2.4, 693 pCi/L 
Th-232: 1.1, 6.7 pCi/L 
U-238: 20.2, 4328 pCi/L 
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3.2.2 USACE Investigations (1999-2007) 
Upon receiving responsibility for the Tonawanda Landfill Vicinity Property in 1997, USACE began a 
review of data previously taken for the site. Based on the data, a Radiological Human Health Assessment 
was performed for both the Landfill and Mudflats OUs in February 1999 (USACE, 1999). Closure 
scenarios for the Landfill addressed during the assessment included capping the contaminated soil in 
place and excavation and removal of the impacted soil. Closure alternatives evaluated for the Mudflats 
area included no action, covering the impacted area with clean soil, and excavation and removal of 
impacted soil. 
Following discussions with the state regulator and other stakeholders, USACE decided there was not 
enough data available to make a definitive conclusion on whether action was required at the 
Tonawanda Landfill Vicinity Property. Therefore, USACE proceeded forward with an RI of the 
Tonawanda Landfill Vicinity Property. The RI was structured to include both the Landfill OU and the 
Mudflats OU as separate but related parcels. The objectives of the RI were as follows:  
• Verify that FUSRAP-related material is present in soil, groundwater, surface water and sediment; 
• Confirm concentration of contaminants in areas found to be elevated by DOE; 
• Determine whether chemical or non-FUSRAP material is commingled with FUSRAP-related 
materials; and 
• Assess long term risks posed by leaving FUSRAP-related material in place, including fate and 
transport profile as a function of time. 
 
Extensive field sampling of surface and subsurface soil, groundwater, surface water and sediment was 
conducted in 2001. Details of sample acquisition numbers and findings are presented in the Remedial 
Investigation Report, Tonawanda Landfill Vicinity Property, Tonawanda, New York (USACE, 2005). A 
summary of 2001 USACE results are shown in table 3.2.  
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Table 3.2 – Summary of DOE Investigation Results 
Matrix # Samples at Landfill OU Results 
Soil 280 samples 114 locations 
Th-230: 0.65 - 32.5 pCi/g 
U-238: 2.0-227 pCi/g 
Ra-226: 0.83-20.1 pCi/g 
Surface 
Water 4 samples 
Total U: 5.16-459 pCi/L 
Ra-228 + Ra-226: 4.95-37.38 pCi/L 
Sediment 9 samples 4 locations 
Th-230: 1.02-3.90 pCi/g 
U-238: 0.77--25.30 pCi/g 
Ra-226: 0.87-5.80 pCi/g 
Groundwater 
7 shallow wells, 3 deep 
wells 
(filtered/unfiltered 
analysis) 
Well L3: total U: 
unfiltered: 175.0 pCi/L 
Filtered: 133.0 pCi/L 
 
Despite the proximity of USACE’s samples to the locations that yielded DOE’s historical elevated results, 
USACE was unable to find any elevated concentrations within the same order of magnitude. Based on 
the RI and the results of the Baseline Risk Assessment, the USACE concluded that soils containing 
uranium, radium and thorium could safely remain in place in their current condition. Therefore a No-
Action alternative was recommended to the public in an April 25, 2007 presentation of the Proposed 
Plan for both the Landfill and Mudflats OUs. 
Based on public comments received on the Proposed Plan and the fact that USACE did not find levels of 
contamination of the same order of magnitude as DOE, the USACE decided to conduct additional 
sampling in the Landfill OU. USACE has proceeded forward with a No-Action ROD for the Mudflats OU, 
which was signed on September 30, 2008. 
3.3 Sampling Objectives 
The goal of the 2009 Tonawanda Landfill OU RI was to better delineate the extent of radiological 
contamination to assist the future decision making processes regarding the site. USACE also needed to 
have current and accurate site data to update the radiological fate and transport assessment for the 
site. The product of the RI sampling event will allow USACE to: 
• Determine the extent and concentration of FUSRAP-related material currently in the Landfill OU; 
• Estimate potential risks to human health and the environment associated with exposures to 
FUSRAP-related contamination which may exist at the site; 
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• Confirm or update the DOE’s findings of elevated concentrations of radiological constituents of 
concern; 
• Determine the likelihood and pathways of contaminant migration; 
• Evaluate the potential for migration of FUSRAP material into residents’ back yards and/or presence 
of material in yards due to historic disposal operations and haulways; 
• Bound the depth of FUSRAP contamination; 
• Confirm depth to groundwater, groundwater flow rates and direction of groundwater flow; 
• Re-evaluate both persistent and intermittent surface water drainages, both historical and present, 
considering the recent re-contouring of the landfill; 
• Obtain data to support technically defensible contaminated soil volume determination; and 
• Evaluate the characteristics of soil and groundwater for waste disposal. 
3.4 Methods of Investigation/Equipment Employed 
3.4.1 Sampling Overview 
Investigation activities at the Tonawanda Landfill OU site included the following activities: 
• Clearing and grubbing activities to prepare the site for the field work; 
• Gamma Walkover Surveys (GWS) to characterize the site for worker health and safety and to assist 
in locating surface soil contamination; 
• Collection of surface and subsurface soil samples in six identified Investigative Areas (IAs) from 
boreholes installed by direct push methodology; 
• Installation of 14 temporary well points in subsurface soil boring locations for the collection of 
groundwater samples to determine the potential for groundwater contamination; and 
• 100% data validation and verification of analytical data and the preparation of electronic deliverable 
data for the USACE. 
Figure 3.1 shows an aerial photograph of the TTLF OU and identifies each of the Investigative Areas. 
Each IA was selected based on site history and previous investigation data. IA-1 and IA-2 were 
determined to have the highest likelihood of finding contamination and the remaining IA’s each had a 
decreasing likelihood of radioactive material being found. This thesis will focus, from this point on, only 
on the collection of surface and subsurface soil samples in IA-1 and IA-2. These two investigave areas 
were selected as the main focus for XRF sampling due to the likelyhood of finding uranium and thorium 
concentrations detectable on the XRF analyzer. All other information collected during the remedial 
investigation can be found in the Final Report for the Tonawanda Landfill OU RI Addendum (USACE, 
2011). 
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Figure 3.1 – Map of Tonawanda Landfill OU showing the investigative areas from the, 2009, USACE RI 
addendum sampling. 
 
3.4.2 Gamma Walkover Survey (IA1 and IA2) 
The purpose of the GWS was to characterize the site for worker health and safety and to assist in the 
location of surface soil contamination. GWS was performed using Multi Agency Radiation Survey and 
Site Investigation Manual (MARSSIM) methodology (EPA, 2000) and was conducted over 100% of all 
accessible areas in Investigative Areas 1 through 6. A single pass GWS was performed using 2”x2” 
Sodium Iodide (NaI) detectors paired with global positioning system location equipment. The count 
rates associated with a location were collected and a map was generated to show locations of elevated 
detector readings. USACE contractor American Remediation-Science and Ecology Corporation (ARSEC) 
performed the GWS surveys.  
Leading up to the investigation of this property, decisions were made to break the site up into different 
investigative areas (IA), based on the likelihood of finding contamination. These areas were determined 
based off of past investigation sample results as well as historical photo analysis which enables one to 
see aerial photographs of the property to identify areas of ground scars, storage, stockpiles, etc. Each 
investigative area on the TTLF property had a minimum of 22 systematically chosen sample locations 
and a set number of bias samples (for use to bound contamination, if found). The two investigative 
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areas which were expected to have contamination were IA-1 and IA-2. These two areas were the 
smallest investigative areas onsite which made them have the highest density of samples (22 samples 
collected over a small area) and the most number of bias samples allocated to each IA. Figure 3.2 and 
Figure 3.3 show the GWS and geo-probe locations in IA-1 and IA-2 respectively. Biased locations were 
placed at areas exhibiting elevated count rates on the GWS and as directed by USACE field personnel 
during the sampling event.  
 
Figure 3.2 – Map of IA-1; this figure shows gamma walk over data as well as geoprobe locations. 
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Figure 3.3 – Map of IA-2; this figure shows gamma walk over data as well as geoprobe locations. 
3.4.3 Drilling  
Soil boring activities were conducted by ZEBRA Environmental Corporation (ZEBRA) of Niagara Falls, New 
York and were directed by a representative from ARSEC. Boring activities were performed using direct 
push methodology with a fully equipped track-mounted Geoprobe. 
A track-mounted 6620 Geoprobe unit with a RS-60 sampling system was used for soil boring operations in 
IA-1 and IA-2. The DT 325 sampling system utilized a 3.25” drive casing as the sample sheath. The sheath 
was fitted with a cutting shoe and inner liner (DT 32) which collected a sample core approximately 1.85” 
in diameter. The sample sheath was held in place with an inner rod string. 
The DT 325 system was driven to depth to collect the soil core. The soil sample was retrieved by pulling 
the inner rod string and liner to the surface. The 3.25” casing was left in place in the sampling hole. A 
new liner was deployed through the casing to depth with the inner rods and secured. The system was 
then advanced to the next sample interval and the process repeated. This system allowed the borehole 
to remain cased during sampling. Picture 3.1 shows the geoprobe unit in operation at a sample location.  
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Picture 3.1 –Geoprobe Unit 
3.4.4 Soil Scan  
Soil cores were verified to be free of loose radioactive contamination as they were removed from the 
boreholes, while still in an acetate liner. Acetate liners exhibiting loose radioactive contamination were 
decontaminated by wiping the external surface with a damp cloth, masslin, or paper towel. Soil cores in 
their acetate liner were then placed on the sample table for scanning and visual inspections. 
 
Picture 3.2 –Soil Core after Acetate Liner was Removed 
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Acetate liners were then cut away from the soil core to allow for core scanning (Picture 3.2). 
Photoionization detector (PID) measurements were taken along the length the core when the acetate 
liner was removed, using a RAE Systems Model DC-Lite PID, to monitor for VOCs and hazardous gases.  
Soil cores were scanned for gross gamma and gross beta count rates and readings were recorded at one 
foot intervals, in field logbooks. Geological characteristics of the core were determined and recorded by 
a Professional Geologist (PG). One minute static gamma and beta measurements were collected on the 
soil cores centered on each location where a sample was collected. Geological and radiological 
measurement data was recorded on USACE ENG Form 5056-R or Form 5056A-R. Radiological 
measurement data was also recorded on ARSEC Soil Core Survey forms. Gamma measurements were 
performed using Ludlum Model 2221 rate meters coupled with Ludlum Model 44-10 (2”x2”) NaI 
detectors. Beta measurements were performed using Ludlum Model 12 rate meters coupled with 44-9 
“pancake” Geiger-Mueller (GM) detectors. Picture 3.3 and 3.4 show radiological technicians scanning 
soil cores with an NaI and Geiger-Muller detector.  
 
 
Picture 3.3 –Soil Scanning Using a 2”x2” Sodium Iodide Detector 
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Picture 3.4 –Radiological technician performing a one minute count, at the highest scan reading 
location, with both a Pancake GM and a Sodium Iodide Detector. The PID is also shown in this picture. 
3.5 Surface/Subsurface Sampling Protocol 
Five samples were collected per soil boring location. In these borings, each sample collected included a 
one foot segment of the boring (except for the cores surface, which included approximately the top 6-
inches of the boring) at the following locations: 
1. The core surface [i.e., the top 6 inches of the current landfill surface (0.0 – 0.5 feet bgs)]. 
2. A soil sample from the first foot just inside the saturated zone. 
3. A sample from the first foot of native soil below the landfill waste. 
4. A one foot sample centered on the core area where the gamma instrument registered the highest 
reading. If the highest gamma instrument reading interval was the same as any of the above three 
fixed intervals (i.e., the highest scan reading was in either the top 6 inches, or at the saturated zone 
interface, or in the first foot of native soil) then the fourth sample interval was selected at the 
second highest gamma reading, or by other professional judgment. 
5. A one foot sample centered on the core area where the beta survey instrument registered the 
highest beta reading. If the highest beta reading interval was the same as any of the above four 
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fixed intervals (i.e., the highest scan reading was in either the top 6 inches, or at the saturated zone 
interface, or in the first foot of native soil, or in the area of the highest gamma instrument reading) 
then the fifth sample interval was selected using the following decision tree: 
a. A one foot sample centered on the core area with the second highest gamma reading,  
b. A one foot sample centered around the core area with the second highest beta reading, or  
c. A one foot core sample using other professional judgment. 
For the interest in comparing XRF results to laboratory results the only samples collected from the one 
foot interval, centered on the core, where the gamma and/or beta instrument registered the highest 
reading was scanned. Therefore, in IA-1 and IA-2, two samples were collected from most locations 
during the RI to be scanned with a XRF.  
3.5.1 Sampling Methods 
Soil samples were collected using a stainless steel trowel, or sampling spoon, and were homogenized in 
a stainless steel bowl prior to containerization, shown in Picture 3.5. Field sampling equipment used 
during soil sampling was free from contamination and was decontaminated after use. Visually 
identifiable non-soil components such as stones, twigs, and foreign objects were manually separated in 
the field and excluded from the laboratory samples to avoid biasing results low. A label was affixed to 
each sample container in accordance with the projects field sampling plan, in order to ensure all 
samples were identified through a chain of custody.  
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Picture 3.5 – Radiological technician homogenizing a sample in a stainless steel bowl prior to 
containerization.  
After a sample was homogenized, it was placed into sample containers to be sent to a laboratory. While 
filling a sample container, a few scoops of soil was collected from the homogenized bowl and placed 
into a sample bag provided to scan with a XRF analyzer. Due to the nature of the material encountered 
in the landfill, not all samples could be fully homogenized. Some samples were a fine silt or soil and 
others contained wet and dense clay. Picture 3.6 shows a common consistency of material being 
sampled at the TTLF.  Picture 3.7 shows organized and labeled samples, in a radiologically controlled 
area, prior to shipment to an off-site laboratory.  
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Picture 3.6 – Field homogenized sample, prior to shipment.  
 
Picture 3.7 –Controlled area for radiological scanning soil samples prior to shipment. 
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3.5.2 Laboratories, Sampling Containers, Preservation, and Holding Times 
Radiochemical analysis was provided by American Radiation Services, Inc. (ARS International), of Port 
Allen, Louisiana, an independent off-site laboratory. TestAmerica of Earth City, Missouri, also an 
independent off-site laboratory, provided non-radiochemical analysis. The ARS International and 
TestAmerica laboratories have U.S. Department of Defense (DOD) Environmental Laboratory 
Accreditation Program (ELAP) accreditation in the radiochemical and non-radiochemical analytical 
parameters associated with the project. Sample containers, preservation, refrigeration and holding time 
requirements were maintained in accordance with the projects Quality Assurance Project Plan (QAPP) 
and, as a minimum, conformed to the guidance provided in USACE engineering manual: EM-200-1-3.  
3.5.3 Laboratory Radiological Analysis 
Samples requiring radiochemical analyses were sent to the ARS International laboratory located in Port 
Allen, Louisiana. All soil and core samples, including field quality control samples, were analyzed for the 
radiochemical parameters specified in Table 3.3, below.  
Table 3.3 Radiochemical Testing Parameters for the Phase 2 Tonawanda OU Landfill Site RI 
Analytical Parameter Analytical Method 
Ra-226 EPA 901.1 (Gamma Spectroscopy) 
Ra-228 EPA 901.1 (Gamma Spectroscopy) 
Uranium-234, 235 & 238 EPA 901.1 (Gamma Spectroscopy)  (Note 1) 
Isotopic Thorium-228, 230 and 232 DOE EML HASL 300 Series for Thorium 
Americium-241 EPA 901.1 (Gamma Spec) 
Note 1: U-238 determined via gamma spectroscopy assuming secular equilibrium with Th-234. 
 U-234 determined via gamma spectroscopy assuming secular equilibrium with U-238. 
 
Quality control samples and field duplicates were also collected in order to ensure overall quality of the 
data. The vast majority of field duplicate sample results were within ± 2 sigma of the associated field 
sample. A few field duplicate sample results were not within ± 2 sigma of the associated field sample 
result. This could be due to statistical outliers or due to differences in count times of the field sample 
and associated field duplicate sample yielding a smaller ± 2 sigma uncertainty error for one of the 
samples. This could also be due to imperfect homogenous mixing of sample material prior to splitting 
the original material into a field sample and field duplicate sample. A summary table of QC sample 
results is contained in Appendix G of USACE final report on the TTLF sampling (USACE, 2011).  
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3.6 XRF Procedures 
After bagged samples were collected from a soil boring, a label was made to include sample location, 
sample depth, count rate, reason sample was taken (highest gamma/beta/etc) and collection date.  Two 
sample configurations were considered for this sampling event: 
1) Unprocessed (in-situ) sample, meaning XRF measurements were collected immediately after 
samples were collected and placed in sample baggies. And, 
2) Homogenized (ex-situ) sample, meaning XRF measurements were collected on an aliquot of an 
in-situ sample which was further homogenized (mortar and pestle) and dried to remove all 
moisture. Theses samples were placed in small XRF sample cups instead of standard baggies.  
These two sample configurations are based off the following classification described in the EPA Method 
6200 on XRF procedures in soil and sediment: 
“For measurement, the sample is positioned in front of the probe window. This can be done in two 
manners using XRF instruments, specifically, in situ or intrusive. If operated in the in situ mode, the 
probe window is placed in direct contact with the soil surface to be analyzed. When an XRF instrument is 
operated in the intrusive mode, a soil or sediment sample must be collected, prepared, and placed in a 
sample cup. The sample cup is then placed on top of the window inside a protective cover for analysis.” 
– EPA, 2007 
3.6.1 Unprocessed (In-situ) Samples 
A total of 57 XRF samples were collected from the 44 sample locations in IA1 and 41 XRF samples were 
collected from the 25 sample locations in IA2. A detailed inventory of XRF samples from IA1 and IA2 is 
provided in the Figure 3.4. 
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Figure 3-4 XRF Sample Inventory (IA1 & IA2) 
 All XRF soil sample analyses were performed on unprocessed samples (in-situ) through a plastic 
sandwich bag (approximately 1mm thick).  Although field personnel homogenized samples at each 
sample location, using stainless steel hand tools, prior to putting them into a sample container, there 
was still potential to have concentration variations over a sample.  Non-homogenized samples were 
considered a source of error because XRF is a surface measurement technique which only looks at small 
areas. Three 45-second XRF measurements were collected at different locations on both sides of each 
bagged sample. The count time was selected based off of a count time analysis performed on uranium 
and thorium standards, with varying concentrations (Chapter 2, Section 2.5.2). A count time of 45 
seconds was long enough to have a good idea of the concentration in a sample. Samples were found to 
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have a relatively low standard deviation over multiple scans of the same sample, compared to longer 
count times, on laboratory calibration standards. The XRF values were recorded and an average 
concentration was calculated using all the measurements collected per sample.  The purpose of average 
readings was to monitor for contaminant heterogeneity within bagged samples, similar to the 
procedures at Harshaw and Paducah (Chapter 1, Section 1.3.6).  
Another consideration investigated during in-situ sample analysis was the percent moisture content, 
due to reported issues found during the literature review (Chapter 1, Section 1.3.4). Samples collected 
at the Tonawanda Landfill FUSRAP site had a wide range of moisture concentrations from relatively dry 
to completely saturated (Picture 3.9). A General Tools and Instruments, Model DSMM500 digital soil 
moisture meter was used to record the percent moisture from each sample baggie, Picture 3.8, and that 
information was used when comparing XRF results to laboratory concentrations. The soil moisture 
meter had an operable range of 0% - 50% moisture.  
 
Picture 3.8 – XRF and moisture meter used to detect sample percent moisture. 
 
 
 
20 
 
 
Picture 3.9 – IA-1 samples exhibiting different soil types and moisture content. 
3.6.2 Homogenized (Ex-Situ) Samples 
For 21 out of the 57 total samples collected in IA1, the soil was removed from the baggie and placed into 
a larger sample container. The samples were then crushed/homogenized using a mortar and pestle and 
small debris/rocks were removed. Once the sample was completely homogenized, it was transferred 
into a small toaster oven to remove the moisture.  Sample drying times varied based on the material and 
multiple measurements using a soil moisture meter were collected during the sample drying process. 
After the samples were dried, having no recordable moisture content, they were placed into small XRF 
sample cups.  The sample cups used for this investigation were single side opening plastic XRF cups 
made by Chemplex Industries. The cups used were one inch high and one inch in diameter with a thin, 
6µm, Mylar window placed over the container’s surface. Picture 3.10 shows prepared, ex-situ, samples 
placed into XRF cups. From this picture, the difference in soils (texture, color, etc) encountered during 
the sampling event is visible.   
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Picture 3.10 – TTLF Samples dried, homogenized and placed into XRF sample cups. 
The reason that homogenized and dried samples were part of the investigation was to mirror past XRF 
investigations (Harshaw, Rattlesnake Creek, and Paducah) that also homogenized and removed moisture 
prior to analysis per EPA Method 6200 (EPA, 2007). To fully prepare an ex-situ sample it could take 
approximately 1-2 hours per sample to completely homogenize, dry and re-package the material into 
sample cups. Due to the laboratory setting needed to process the samples, a count time of three 
minutes was used (4 times the count time of in-situ samples) because at this point it was no longer a 
“real-time” situation and the longer count time would allow for higher precision and accuracy.  The 
count-time investigation, described in Chapter 2 section 2.5.2, also used a maximum count time of three 
minutes for samples analyzed in XRF cups.  
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3.7 Analytical Results 
This section will explain laboratory results for samples collected in IA-1 and IA-2 as well as field 
screening results collected with an XRF in those investigative areas.  
3.7.1 Laboratory Results 
 Radiochemical analysis for samples collected from IA1 and IA2 was provided by American Radiation 
Services, Inc. (dba ARS International), of Port Allen, Louisiana, an independent off-site laboratory. This 
laboratory was a Department of Defense Environmental Laboratory Accreditation Program (DOD-ELAP) 
certified environmental analytical laboratory. Each sample was analyzed for radium 226/228, uranium 
234/235 and 238, thorium 238/230/232 and americium 241 (by the methods listed in Table 3.3).  
During the field screening of soil cores, at the systematic sampling locations in, in IA-1 many exhibited 
elevated count rates with radiological instruments. As a result, biased locations were selected at 
positions around systematic locations that exhibited the highest field screening measurement (to try 
and bound the extent of contamination). The decision to place bias locations was based solely on 
radiological screening (gamma walk over survey or soil core readings) and measurements collected with 
an XRF on soil cores. A summary (lowest, highest, median and average activity) of systematic and biased 
location analytical results from IA-1 are listed in Table 3.4 and Table 3.5, respectively.  
Investigative Area 2 had a lesser likelihood of finding contamination and the field screening with 
radiological instruments confirmed that the area was relatively unimpacted (compared to IA-1). Bias 
samples were still collected in this area based off of gamma walk over survey results and field screening 
using radiological detectors and an XRF. A summary of the systematic and biased location analytical 
results from IA-2 are listed in Table 3.6 and 3.7, respectively.  
Background reference activity levels for Th-230, U-238, and Ra-226 for the Tonawanda Landfill OU Site 
were established during the 2005 site RI as follows (USACE, 2005): 
Th-230 1.58 pCi/g, 
U-238 2.2 pCi/g, and 
Ra-226 2.8 pCi/g.
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Table 3.4 - IA-1 Radiochemistry Analytical Results Summary – Systematic Locations 
Analytical 
Parameter 
Lowest Activity 
(pCi/g)  
Borehole( depth ft bgs) 
Highest Activity 
(pCi/g) 
Borehole(depth ft bgs) 
Median Activity 
(pCi/g)  
 
Average Activity 
(pCi/g)  
Ra-226 -4.19U
 (1) 
IA1-2 (0.4-1.0) 
3485.70 
IA1-5 (3.0-4.0) 3.91 73.88 
Ra-228 0.31 
IA1-2 (25.0-26.0) 
4.00 
IA1-5 (14.6-15.6) 
1.15 1.39 
U-234 (2) 
0.31U 
IA1-14 (5.0-6.0) 
2048.80 
IA1-5 (3.0-4.0) 2.40 54.68 
U-235 -0.18U IA1-17 (5.0-6.0) 
159.42 
IA1-5 (3.0-4.0) 0.17 4.27 
U-238 (3) 
0.31U 
IA1-14 (5.0-6.0) 
2048.80 
IA1-5 (3.0-4.0) 2.40 54.68 
Th-228 0.40 IA1-2 (0.4-1.0) 
3.55 
IA1-15 (10.5-12.0) 0.97 1.27 
Th-230 0.52 
IA1-10 (20.0-21.0) 
1640.88 
IA1-5 (3.0-4.0) 
1.33 30.84 
Th-232 0.26 IA1-11 (16.8-17.8) 
3.73 
IA1-5 (7.0-8.0) 0.86 1.17 
Am-241 -0.35U 
IA1-5 (3.0-4.0) 
0.19U 
IA1-5 (14.6-15.6) 
0.00 0.00 
(1)  U modifier indicates sample result was less than MDA, e.g. isotope was undetected. 
(2)  U-234 determined via gamma spectroscopy assuming secular equilibrium with U-238. 
(3)  U-238 determined via gamma spectroscopy assuming secular equilibrium with Th-234. 
  
Table 3.5 - IA-1 Radiochemistry Analytical Results Summary – Biased Locations 
Analytical 
Parameter 
Lowest Activity 
(pCi/g) 
Borehole(depth ft bgs) 
Highest Activity 
(pCi/g) 
Borehole(depth ft bgs) 
Median Activity 
(pCi/g)  
Average Activity 
(pCi/g)  
Ra-226 -0.39U 
(1) 
IA1-B4 (1.7-2.3) 
648.54 
IA1-DOE-B3 (5.3-6.3) 
4.31 22.72 
Ra-228 0.18U IA1-B5 (1.3-1.8) 
3.94 
IA1-B15 (15.0-16.0) 1.12 1.38 
U-234 (2) 0.41U IA1-B13 (0.5-1.0) 
502.31 
IA1-DOE-B3 (5.3-6.3) 3.21 18.23 
U-235 
-0.11U 
IA1-DOE-B2 (0.5-1.0) 
40.71 
IA1-DOE-B3 (5.3-6.3) 0.20 1.35 
U-238 (3) 0.41U IA1-B13 (0.5-1.0) 
502.31 
IA1-DOE-B3 (5.3-6.3) 3.21 18.23 
Th-228 
0.32 
IA1-B3 (4.4-5.4) 
3.96 
IA1-B12 (19.0-20.0) 0.92 1.25 
Th-230 0.57 IA1-B3 (1.2-1.7) 
145.95 
IA1-B17(15.0-16.0) 1.80 5.21 
Th-232 0.30 
IA1-B3 (1.2-1.7) 
7.08 
IA1-B6 (15.0-16.0) 
0.91 1.30 
Am-241 -0.12U IA1-DOE-B2 (0.5-1.0) 
0.17U 
IA1-B10 (6.6-7.6) 0.00 0.01 
(1)  U modifier indicates sample result was less than MDA, e.g. isotope was undetected. 
(2)  U-234 determined via gamma spectroscopy assuming secular equilibrium with U-238. 
(3)  U-238 determined via gamma spectroscopy assuming secular equilibrium with Th-234. 
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Table 3.6 - IA-2 Radiochemistry Analytical Results Summary – Systematic Locations 
Analytical 
Parameter 
Lowest Activity 
(pCi/g)  
Borehole(depth ft bgs) 
Highest Activity 
(pCi/g) 
Borehole(depth ft bgs) 
Median Activity 
(pCi/g)  
Average Activity 
(pCi/g)  
Ra-226 -0.66U
 (1) 
IA2-1 (0.8-1.3)) 
62.45 
IA2-2 (14.7-15.7) 2.31 3.46 
Ra-228 0.09U 
IA2-1 (9.0-10.0) 
4.76 
IA2-7 (13.0-14.0) 
1.06 1.22 
U-234 (2) 
-6.05U 
IA2-11 (0.0-0.6) 
69.12 
IA2-2 (14.7-15.7) 1.63 2.53 
U-235 -0.15U IA2-11 (0.0-0.6) 
4.25 
IA2-2 (14.7-15.7) 0.09 0.15 
U-238 (3) 
-6.05U 
IA2-11 (0.0-0.6) 
69.12 
IA2-2 (14.7-15.7) 1.63 2.53 
Th-228 0.40 IA2-3 (13.5-14.5) 
3.40 
IA2-7 (13.0-14.0) 0.81 0.93 
Th-230 0.48 
IA2-3 (13.5-14.5) 
24.87 
IA2-2 (14.7-15.7) 
1.19 1.74 
Th-232 
0.34 
IA2-3 (13.5-14.5) 
3.37 
IA2-7 (13.0-14.0) 0.73 0.89 
Am-241 -0.08U IA2-8 (6.0-7.0) 
0..09U 
IA2-19 (4.7-5.7) 0.00 0.01 
(1)  U modifier indicates sample result was less than MDA, e.g. isotope was undetected.  
(2)  U-234 determined via gamma spectroscopy assuming secular equilibrium with U-238. 
(3)  U-238 determined via gamma spectroscopy assuming secular equilibrium with Th-234. 
 
Table 3.7- IA-2 Radiochemistry Analytical Results Summary – Biased Locations 
Analytical 
Parameter 
Lowest Activity 
(pCi/g)  
Borehole(depth ft bgs) 
Highest Activity 
(pCi/g) 
Borehole(depth ft bgs) 
Median Activity 
(pCi/g)  
Average Activity 
(pCi/g)  
Ra-226 1.76 
IA2-DOE-B2 (10.0-11.0) 
7.01 
IA2-DOE-B3 (0.0-0.5) 
2.45 3.25 
Ra-228 
0.49 
IA2-DOE-B3 (12.0-13.0) 
2.95 
IA2-DOE-B3 (6.0-7.0) 1.16 1.32 
U-234 (2) 0.71U
 (1) 
IA2-DOE-B3 (14.0-15.0) 
5.81 
IA2-DOE-B3 (6.0-7.0) 1.54 1.97 
U-235 
-0.11U 
IA2-DOE-B3 (6.0-7.0) 
0.39U 
IA2-DOE-B3 (4.0-5.0) 0.14 0.13 
U-238 (3) 0.71U IA2-DOE-B3 (14.0-15.0) 
5.81 
IA2-DOE-B3 (6.0-7.0) 1.54 1.97 
Th-228 0.66 
IA2-DOE-B1(0.5-1.0) 
2.84 
IA2-DOE-B3 (6.0-7.0) 
0.78 1.01 
Th-230 0.67 IA2-DOE-B3 (14.0-15.0) 
3.29 
IA2-DOE-B3 (6.0-7.0) 1.03 1.38 
Th-232 0.57 
IA2-DOE-B2 (3.0-4.0) 
2.96 
IA2-DOE-B3 (6.0-7.0) 
0.81 0.99 
Am-241 
-0.03U 
IA2-DOE-B1 (5.8-6.8) 
0.05U 
IA2-DOE-B3 (6.0-7.0) 0.01 0.01 
(1)  U modifier indicates sample result was less than MDA, e.g. isotope was undetected.  
(2)  U-234 determined via gamma spectroscopy assuming secular equilibrium with U-238. 
(3)  U-238 determined via gamma spectroscopy assuming secular equilibrium with Th-234. 
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3.7.2 XRF Results 
The following sections will describe the XRF sample results from both in-situ and ex-situ sampling in IA-1 
(3.7.2.1) and the in-situ results from IA-2 (3.7.2.2).  
3.7.2.1 IA-1 XRF Results 
Each XRF sample collected at the TTLF FUSRAP project was analyzed the same day as the sample was 
collected. First the sample was scanned through its baggie (In-Situ) using an XRF at three different 
locations, with 45 second acquisition times. Multiple measurements of bagged samples were evaluated 
to determine the performance of XRF when directly measuring bagged samples without sample 
preparation. The averaging also let the author determine sample heterogeneity in the sample in a 
manner similar to the investigation at the USACE Harshaw Chemical Company and DOE Paducah 
Gaseous Diffusion Plant (discussed in Chapter 1, Section 1.3.6).   
Next, 21 of the 57 samples collected in IA1 were homogenized and dried in order to determine if sample 
preparation had an effect on analytical results.  
Table 3.8 provides sample information and the concentrations of total uranium and total thorium 
recorded during each of the three in-situ scans during the IA-1 sampling. Each sample has three thorium 
and three uranium results listed (U1, U2, U3 and Th1, Th2, Th3) as well as the associated error with each 
measurement (Colum “E” to the right of each sample result). Non-detect values are acknowledged with 
a “ND” in the error column next to each non-detect sample and the error was used as reported 
concentration and underlined in the respective uranium or thorium column. The reason non-detects 
were reported as the associated error was to determine whether or not the XRF could detect 
concentrations lower than the site background or action level for uranium and thorium and to count for 
sample inhomogeneity.  
Table 3.9 provides sample information and the concentrations of total uranium and total thorium 
recorded during each of the three ex-situ scans during the IA-1 sampling.   
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Table 3.8 – IA-1 XRF Results (In-situ – 45 Second Count Time) 
Sample Information ln-Situ Results (45 Second Analysis)       
Area Location Depth %Moisture U1 E Th1 E U2 E Th2 E U3 E Th3 E Avg U Avg Th 
IA1 1 23.8-24.8 20.9 34 4 9 ND 31 4 9 ND 36 4 9 ND 34 9 
IA1 1 22.8-23.8 29.35 119 5 11 ND 60 4 9 ND 130 6 11 ND 103 10 
IA1 3 26-27 15.4 10 ND 9 ND 10 ND 9 ND 10 ND 9 ND 10 9 
IA1 3 19.1-20.0/24-24.1 > 50 56 4 12 ND 75 5 12 ND 45 4 12 3 59 12 
IA1 4 10.8-11.8 23.5 10 ND 17 ND 10 ND 17 5 10 ND 15 ND 10 16 
IA1 4 19-20 >50 26 3 10 ND 56 4 14 ND 21 3 9 ND 34 11 
IA1 5 3.0-4.0 23.2 1951 25 37 7 1198 20 25 6 1552 21 16 ND 1567 26 
IA1  5 3.0-4.0 23.5 1956 21 22 4 4079 42 19 6 3151 32 29 5 3062 23 
IA1 6 3.0-4.0 23.8 34 3 10 ND 45 4 17 ND 55 4 17 ND 45 15 
IA1 6 5.4-6.4 18.9 61 5 33 ND 61 5 31 ND 69 5 36 ND 64 33 
IA1 8 3.0-4.0 12.3 10 ND 17 ND 8 ND 16 ND 11 ND 22 ND 10 18 
IA1 8 5.7-6.7 15.8 11 ND 21 ND 9 ND 17 ND 10 ND 21 7 10 20 
IA1 9 5.7-6.7 24.8 8 ND 10 ND 8 ND 9 ND 8 ND 9 ND 8 9 
IA1 9 6.7-7.7 25.5 9 ND 9 ND 8 ND 9 ND 7 ND 8 ND 8 9 
IA1 10 10.5-11.5 24.4 11 ND 21 ND 9 ND 17 ND 10 ND 22 ND 10 20 
IA1 10 11.5-12/13.9-14.4 > 50 36 4 22 4 24 3 21 4 23 3 24 4 28 22 
IA1 11 14.4-15.4 22.6 51 4 15 ND 64 5 23 ND 71 5 20 ND 62 19 
IA1 11 11.0-12.0 11.8 590 17 57 ND 524 16 56 ND 510 15 54 ND 541 56 
IA1 12 6.5-7.5 23.4 384 10 28 ND 343 10 10 ND 243 7 25 7 323 21 
IA1 12 6.5-7.5 24.4 519 14 40 ND 338 10 27 ND 434 11 39 12 430 35 
IA1 13 3.0-4.0 12.6 11 ND 19 5 12 2 13 2 9 ND 20 3 11 17 
IA1 15 14.6-15.6 15 11 ND 28 5 9 3 10 ND 11 3 19 5 10 19 
IA1 15 19-20 >50 134 4 9 2 53 3 9 ND 287 7 19 4 158 12 
IA1 16 6.2-7.2 48.6 55 5 40 ND 68 5 44 ND 35 4 35 ND 53 40 
IA1 16 13.2-14.2 16.4 71 4 22 6 86 5 20 ND 86 4 22 6 81 21 
IA1 17 5.0-6.0 15.1 11 ND 13 ND 10 ND 11 ND 10 ND 11 ND 10 12 
IA1 17 3.1-4.1 10.8 11 ND 14 ND 12 3 15 ND 13 ND 17 ND 12 15 
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IA1 20 4.8-5.8 7.8 9 ND 9 ND 9 ND 9 ND 9 ND 10 ND 9 9 
IA1 20 1.6-2.6 10.6 10 ND 11 ND 9 ND 10 ND 10 ND 10 ND 10 10 
IA1 21 0.9-1.9 12.3 9 ND 11 ND 9 ND 11 ND 9 ND 12 ND 9 11 
IA1 21 1.9-2.9 11.5 10 ND 17 ND 10 ND 15 ND 10 ND 20 6 10 17 
IA1 B-1 1.2 -2.2 13.5 8 ND 11 ND 14 ND 36 ND 11 ND 21 ND 11 23 
DOE B-1 6.0-7.0 >50 83 4 16 3 59 4 14 4 65 4 19 3 69 16 
DOE B-1 7.0-8.0 >50 105 6 24 8 99 5 21 7 83 5 24 ND 96 23 
IA1 B-1 14.0-15.0 13.6 175 7 21 ND 402 10 23 ND 184 7 22 ND 254 22 
IA1 B-10 15-16 23.9 12 3 26 3 16 3 24 3 14 3 31 3 14 27 
IA1 B-10 3.0-4.0 >50 38 3 16 3 62 3 13 3 35 3 12 3 45 14 
IA1 B-13 18.0-19.0 11.8 43 4 20 ND 40 4 24 6 46 4 19 ND 43 21 
IA1 B-13 14.0-15.0 15.2 71 5 33 ND 58 5 32 ND 90 6 37 ND 73 34 
IA1 B-14 6.5-7.5 15.2 11 ND 21 ND 11 ND 21 ND 11 ND 22 ND 11 21 
IA1 B-14 22.6-23.6 >50 20 4 15 5 13 3 10 ND 15 4 14 ND 16 13 
IA1 B-17 18.5-19.5 13.9 86 5 20 ND 81 5 20 6 83 5 30 9 83 23 
IA1 B-17 15.0-16.0 12.8 403 9 13 ND 158 6 14 ND 198 7 16 ND 253 14 
DOE B-2 3.0-4.0 20.5 10 3 28 4 8 ND 10 ND 10 3 15 3 9 18 
DOE B-2 6.4-7.4 22.4 11 ND 33 ND 12 ND 34 ND 12 ND 33 ND 12 33 
IA1 B-3 7.0-8.0 15 9 ND 25 4 11 3 40 6 9 ND 34 6 10 33 
IA1 B-3 13.5-14.5 13.4 51 5 32 8 43 3 30 5 42 5 33 8 45 32 
DOE B-3 5.3-6.3 >50 368 8 23 7 1015 18 53 14 436 9 31 9 606 36 
DOE B-3 5.3-6.3 >50 927 16 58 12 726 14 37 ND 508 10 28 8 720 41 
IA1 B-4 11.0-12.0 16.8 11 ND 17 ND 9 ND 14 ND 11 ND 19 6 10 17 
IA1 B-4 9.0-10.0 14.6 11 ND 17 ND 10 ND 15 ND 11 ND 20 6 11 17 
IA1 B-7 7.0-8.0 24.9 10 ND 15 ND 12 ND 20 ND 9 ND 17 5 10 17 
IA1 B-7 7.0-8.0 16.6 12 ND 9 ND 12 ND 19 ND 13 ND 21 ND 12 16 
IA1 B-8 7.0-8.0 12 10 ND 9 ND 11 ND 9 ND 10 ND 9 ND 10 9 
IA1 B-8 3.0-4.0 28.4 17 ND 45 ND 11 ND 49 ND 14 ND 36 ND 14 43 
IA1 B-9 1.7-2.7 18.5 11 ND 29 9 10 ND 54 10 10 ND 40 9 10 41 
IA1 B-9 17.6-18.6 17.6 13 ND 28 ND 13 ND 37 11 40 11 14 ND 22 26 
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Table 3.9 – IA-1 XRF Results (Ex-Situ – 180 Second Count Time) 
Sample Information  Ex-Situ Results (180 Second Analysis)     
Area Location Depth U1 E Th1 E U2 E Th2 E U3 E Th3 E Avg U Avg Th 
IA-1 3 26-27 6 ND 6 ND 6 ND 6 ND 6 ND 6 ND 6 6 
IA-1 3 19.1-20.0/24-24.1 54 3 16 3 46 3 28 4 57 3 16 3 52 20 
IA-1 4 10.8-11.8 14 3 23 4 11 3 26 4 12 3 26 5 12 25 
IA-1 4 19-20 70 3 11 ND 68 3 12 ND 70 3 10 4 69 11 
IA-1 8 3.0-4.0 7 ND 23 5 7 ND 19 5 7 ND 25 ND 7 22 
IA-1 8 5.7-6.7 6 ND 27 4 6 ND 20 4 6 ND 23 5 6 23 
IA-1 10 10.5-11.5 9 ND 27 6 9 ND 26 5 9 ND 32 ND 9 28 
IA-1 10 11.5-12/13.9-14.4 33 3 40 4 36 3 29 4 32 3 27 7 34 32 
IA-1 11 14.4-15.4 122 5 33 5 128 5 26 5 115 4 22 5 122 27 
IA-1 11 11.0-12.0 777 15 82 15 583 16 64 20 589 13 65 2 650 70 
IA-1 13 3.0-4.0 12 2 33 2 12 2 33 2 8 2 32 2 11 33 
IA-1 15 14.6-15.6 12 3 37 4 14 2 40 4 13 2 34 2 13 37 
IA-1 15 19-20 138 3 11 2 128 3 9 2 137 3 10 3 134 10 
IA-1 16 6.2-7.2 58 4 32 ND 59 4 61 12 46 12 74 4 54 56 
IA-1 16 13.2-14.2 243 6 20 ND 248 6 30 7 230 6 21 4 240 24 
IA-1 17 5.0-6.0 6 ND 6 ND 6 ND 8 2 6 ND 11 4 6 8 
IA-1 17 3.1-4.1 7 ND 33 4 7 2 27 4 8 2 33 3 7 31 
IA-1 20 4.8-5.8 5 ND 6 2 5 ND 5 ND 5 ND 5 ND 5 5 
IA-1 20 1.6-2.6 6 ND 9 2 5 ND 8 2 5 ND 5 4 5 7 
IA-1 21 0.9-1.9 6 2 10 2 5 ND 12 2 6 ND 17 6 6 13 
IA-1 21 1.9-2.9 10 2 17 4 8 2 18 3 6 ND 14 15 8 16 
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3.7.2.2 IA-2 XRF Results 
Sample procedures for IA-2 mirrored that of samples analyzed in IA-1. There were 41 XRF in-situ samples analyzed from 
the IA-2 investigation. All of the samples were analyzed using a 45 second acquisition time on different locations on the 
bagged samples. Due to the low concentrations of total uranium and total thorium found during the field work in this IA, 
no samples were dried and homogenized to be scanned ex-situ.  
Table 3.12 provides sample information and the concentrations of total uranium and total thorium recorded during each 
of the three in-situ scans during the IA-2 sampling. Each sample has three thorium and three uranium results listed (U1, 
U2, U3 and Th1, Th2, Th3) as well as the associated error with each measurement (Colum “E” to the right of each sample 
result). Non-detect values are acknowledged with a “ND” in the error column next to each non-detect sample and the 
error was used as reported concentration and underlined in the respective thorium or uranium column. The reason non-
detects were reported as the associated error was to determine whether or not the XRF could detect concentrations 
lower than the site background or action level for uranium and thorium and to count for sample inhomogeneity.  
Tables 3.10 and 3.11 show a summary of the total number of samples analyzed and the number of non-detects found 
for both XRF total uranium and total thorium. An average percent of detections was calculated for the number of 
samples that the XRF measured a concentration above the detection limit for total thorium and/or total uranium. The 
tables show that 44.74% of the samples scanned in IA-1 had a measurement above the XRF detection limit for total 
uranium and/or total thorium where as IA-2 only had 11.38% of the samples above the respective detection limits.  
Table 3.10 - IA-2 Summary of Detects 
IA-1 Samples U1   Th1   U2   Th2   U3   Th3 
Total # Runs 57   57   57   57   57   57 
Total Non-Detect 27   39   24   41   25   33 
Percent Detect 53%   32%   58%   28%   56%   42% 
Average % 
Detect 44.74%                     
 
Table 3.11 - IA-2 Summary of Detects 
IA -2 Samples U1   Th1   U2   Th2   U3   Th3 
Total # Runs 41   41   41   41   41   41 
Total Non-Detect 40   31   39   32   40   36 
Percent Detect 2%   24%   5%   22%   2%   12% 
Average % 
Detect 11.38%                     
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Table 3.12 – IA-2 XRF Results (In-Situ – 45 Second Count Time) 
Sample Information Wet Sample Results (Count Time = 45 Seconds)   
Area Location Depth %Moisture U1 E Th1 E U2 E Th2 E U3 E Th3 E Avg U Avg Th 
IA2 1 9.0-10.0 16.40 10 ND 20 ND 8 ND 25 8 9 ND 16 ND 9 20 
IA2 1 10.0-11.0 17.00 10 ND 14 ND 8 ND 12 ND 9 ND 15 ND 9 14 
IA2 2 7.0-8.0 11.40 9 ND 9 ND 10 ND 10 ND 10 ND 11 ND 10 10 
IA2 2 11.2-12.2 24.50 10 ND 15 ND 11 ND 36 9 12 ND 19 ND 11 23 
IA2 4 1.1-2.1 11.40 10 ND 10 ND 9 ND 9 ND 10 ND 11 3 10 10 
IA2 4 6.4-7.4 10.60 10 ND 15 ND 13 ND 21 ND 10 ND 14 ND 11 17 
IA2 5 2.1-3.1 11.30 9 ND 13 3 9 ND 10 ND 9 ND 9 ND 9 11 
IA2 5 5.5-6.5 19.30 11 ND 20 ND 12 ND 24 ND 12 ND 23 ND 12 22 
IA2 6 22.9-23.9 >50 9 ND 16 4 11 3 13 3 9 ND 9 ND 10 13 
IA2 6 2.0-3.0 5.30 10 ND 11 ND 10 ND 11 ND 10 ND 10 ND 10 11 
IA2 7 13-14 25.40 8 ND 14 3 8 ND 16 3 10 ND 26 4 9 19 
IA2 7 4.0-5.0 21.00 10 ND 10 ND 9 ND 10 ND 10 ND 10 ND 10 10 
IA2 8 6.0-7.0 >50 9 ND 13 ND 9 ND 14 ND 7 ND 14 ND 8 14 
IA2 8 9.0-10.0 23.00 9 3 23 3 9 ND 26 4 10 ND 24 4 9 24 
IA2 9 2.0-3.0 21.90 9 ND 14 5 9 ND 12 ND 8 ND 11 ND 9 12 
IA2 9 2.0-3.0 10.70 10 ND 11 ND 11 ND 11 ND 10 ND 10 ND 10 11 
IA2 10 8.0-9.0 14.50 10 ND 11 ND 9 ND 10 ND 10 ND 10 ND 10 10 
IA2 10 3.0-4.0 22.90 10 ND 11 ND 10 ND 11 ND 10 ND 11 ND 10 11 
IA2 11 6.0-7.0 10.80 10 ND 10 ND 10 ND 9 ND 10 ND 9 ND 10 9 
IA2 11 1.6-2.6 8.00 11 ND 18 ND 11 ND 16 ND 9 ND 14 ND 10 16 
IA2 12 5.4-6.4 46.50 9 ND 23 4 9 ND 14 4 8 ND 14 4 9 17 
IA2 12 10.3-11.3 >50 10 ND 30 6 9 ND 24 6 10 ND 16 ND 10 23 
IA2 14 8.9-9.9 23.50 10 ND 12 ND 10 ND 14 ND 10 ND 11 ND 10 12 
IA2 14 2.0-3.0 15.90 11 ND 15 ND 10 ND 15 ND 10 ND 22 6 10 17 
IA2 15 1.0-2.0 11.40 10 ND 13 ND 9 ND 15 4 11 ND 15 ND 10 14 
IA2 15 6.2-7.2 14.70 11 ND 11 ND 11 ND 10 ND 11 ND 11 ND 11 11 
IA2 16 7.0-8.0 10.30 11 ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 10 
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IA2 16 1.5-2.5 14.30 11 ND 13 ND 12 ND 17 ND 10 ND 13 ND 11 14 
IA2 17 1.0-2.0 15.20 8 ND 9 3 8 ND 8 ND 9 ND 9 ND 8 9 
IA2 17 6.0-7.0 10.90 9 ND 10 ND 10 ND 10 ND 10 ND 10 ND 10 10 
IA2 18 0.5-1.5 16.60 9 ND 14 4 9 ND 10 ND 9 ND 14 ND 9 13 
IA2 18 5.6-6.6 10.30 12 ND 11 ND 17 ND 15 ND 12 ND 11 ND 14 12 
IA2 19 3.3-4.0 10.50 10 ND 11 ND 10 ND 11 ND 11 3 10 ND 10 11 
IA2 19 4.7-5.7 10.50 10 ND 10 ND 11 ND 11 ND 12 ND 11 ND 11 11 
IA2 20 3.0-4.0 11.30 10 ND 10 ND 9 ND 9 ND 10 ND 10 ND 10 10 
IA2 20 6.0-7.0 11.30 10 ND 10 ND 10 ND 11 ND 10 ND 9 ND 10 10 
IA2 21 0.5-1.5 13.00 11 ND 27 ND 10 3 16 ND 8 ND 10 ND 10 18 
IA2 21 5.7-6.7 10.50 11 ND 11 ND 10 ND 12 4 10 ND 11 ND 10 11 
IA2 22 3.0-4.0 11.30 9 ND 11 3 9 ND 9 ND 10 ND 10 ND 9 10 
IA2 22 5.0-6.0 11.30 9 ND 9 ND 10 ND 10 ND 10 ND 10 ND 10 10 
IA2 DOE B1 4.8-5.8 15.30 10 ND 9 ND 10 ND 10 ND 10 ND 10 ND 10 10 
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3.8 In-Situ vs Ex-Situ Measurements 
One main research questions surrounding XRF analysis at TTLF was: Can in-situ XRF measurements be used to make real-
time decisions? To answer this question a few pieces of information needed to be compared. First samples needed to be 
analyzed in-situ and a portion of those samples also needed be homogenized/dried and scanned ex-situ in order to 
determine whether or not sample preparation would affect the sample results. Second, sample results needed to be 
compared to laboratory results in order to determine if a relationship exists between XRF and laboratory concentrations.  
A linear regression analysis was performed to determine the linear relationship between the two variables, using in-situ 
XRF concentrations as the explanatory (predictor) variable and ex-situ XRF concentrations as the response variable. 
Regression analysis is advantageous in establishing linear relationships between variables through the calculation of 
three factors: the y-intercept, of the liner relationship, the slop of the linear relationship, and the coefficient of 
determination (R2). These factors were used to determine the linear relationship between to variables based upon the 
following equation: 
Equation 3.1 
  Y = b*X+a 
Where: 
 Y = The response variable. 
 b = The slope of the linear relationship. 
 X = The explanatory variable. 
 a = The y-intercept of the linear relationship.  
 As explained in Section 3.7.2.1, twenty-one samples from IA-1 were prepared ex-situ (homogenized/dried) and scanned 
in XRF cups in order to compare the results to in-situ measurements.  Tables 3.8 and 3.9 present both in-situ and ex-situ 
data collected from IA-1 at the TTLF project. The first comparison of this data was to determine if sample preparation 
affected the sample result. To do this, graphs were made which displays both in-situ and ex-situ concentrations for total 
uranium and total thorium (Graph 3.1 and 3.2, respectively) as well as the linear regression for each element (Equation 
3.1). The response variable for this analysis was ex-situ analysis; the explanatory variable was the in-situ analysis.  
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Graph 3.1 - In-Situ vs. Ex-Situ (Total Uranium) 
 
Graph 3.2 - In-Situ vs. Ex-Situ (Total Thorium) 
 
For both total uranium and total thorium this investigation found that in-situ measurements almost always 
underestimated the concentration reported by an ex-situ measurement (by a factor of 1.2 for uranium and 1.4 for 
thorium). The coefficient of determination, R2, for relationship between total uranium in-situ/ex-situ was 0.94, indicating 
that nearly 94% of the variation in ex-situ analysis was explained by variation in-situ XRF total uranium concentrations.  
The relationship between total thorium in-situ/ex-situ had a lower coefficient of determination at 0.87, indicating that 
87% of the variation in ex-situ analysis was explained by a variation in-situ XRF total thorium concentrations.  Both 
Graph 3.1 and 3.2 include a dashed line indicating where at 1:1 ratio would be if there was no difference between in-situ 
and ex-situ measurements.  
The difference between in-situ and ex-situ measurements could be due to many factors including a decrease in sample 
moisture and a decrease in sample heterogeneity or matrix affects. The samples measured in-situ for this comparison 
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had a wide range of percent moisture from 7.8% to over 50% and the reported XRF concentrations for samples with 
moisture this high could be underestimating the true concentration due to the moisture “shielding” or affecting the x-
ray energy entering or leaving the sample.  
To determine if there was a visible difference in XRF spectra, two samples were selected for comparison.  Sample IA1-4 
(19-20’) and sample IA1-16 (13.2-14.2’) were both selected for further investigation.  Table 3.13 presents the data 
associated with each sample. Note that Location IA1-16 (13.2-14.2’) contained 14% moisture and IA1-1 (19-20’) 
contained >50% moisture. Both samples showed an increase in average reported XRF total uranium from 81ppm to 
240ppm and 34.33ppm to 69.33ppm, respectively, when sampled in-situ compared to ex-situ.  
Table 3.13 – Sample Comparison, In-Situ vs Ex-Situ 
  In-Situ (ppm) Ex-Situ (ppm) Laboratory Result 
Area Location Depth %Moisture Average U Average Th Average U Average Th U-238 (pCi/g) 
IA1 16 13.2-14.2 16.4 81 21.33 240.33 23.67 143.7 
IA1 4 19-20 >50 34.33 11 69.33 11 49.457 
 
To try and determine the affect of moisture it was assumed that both samples (in-situ and ex-situ) contained the same 
concentration of total uranium and total thorium and that the difference in concentration was solely due to moisture 
interference.  Note, this assumption is most likely incorrect because there could be sample heterogeneity issues or other 
matrix affects but due to the limited number of laboratory samples with known concentration and no matrix 
interferences this assumption needed to be made. The laboratory U-238 concentrations in IA1-16 (13.2 – 14.2’) were 
approximately three times larger than the U-238 concentration in IA1-4 (19-20).  The factor of three between the two 
samples was also observed in the average U, in-situ and ex-situ. The in-situ ratio is 81/34.33ppm (approximately 2.36) 
and the ex-situ ratio is 240.33/69.33ppm (approximately 3.46).  
Graphs 3.1 and 3.2 show sample number IA1-16 (13.2 – 14.2’) with both in-situ and ex-situ XRF spectrums on each plot. 
Graph 3.1 shows the both in-situ and ex-situ spectrums over the full energy spectrum of the XRF. From this view there is 
no visible shift in energy peaks between the two spectrums, but there is an intensity difference that is visible throughout 
the energy range. Graph 3.2 is the same spectrums as Graph 3.1, except the spectrum is only looking at the region of 
interest where the uranium Lα1 energy peak is located (13.61 keV). For Graph 3.2 the ex-situ spectrum has a higher 
intensity than the spectrum from the in-situ measurement. This is why the average reported XRF total uranium 
concentration went from 81ppm (in-situ) to 240ppm (ex-situ).  
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Graphs 3.3 and 3.4 show sample number IA1-4 (19 – 20’) with both in-situ and ex-situ XRF spectrums on each plot. 
Graph 3.3 shows the both in-situ and ex-situ spectrums over the full energy spectrum of the XRF. From this view there is 
no visible shift in energy peaks between the two spectrums, but there is an intensity difference that is visible throughout 
the energy range. Graph 3.2 is the same spectrums as Graph 3.1, except the spectrum is only looking at the region of 
interest where the uranium Lα1 energy peak is located (13.61 keV). For Graph 3.4 the ex-situ spectrum has a higher 
intensity than the spectrum from the in-situ measurement. This is why the average reported XRF total uranium 
concentration went from 34.33ppm (in-situ) to 69.33ppm (ex-situ).  
Although a difference in spectrum intensity is visible on the spectrum comparisons (increased intensity at the uranium 
Lα1 energy peak when moisture is removed) there are still questions that were not able to be answered. For example, 
why was the ex-situ concentration measured on the IA1-16 sample 3.46 times the in-situ measurement and the IA1-4 
sample was only a factor of 2.36 (between in-situ and ex-situ)?  If moisture was the only variable between the samples 
one would think that sample IA1-4 (19 – 20’) would have a larger difference between in-situ and ex-situ measurements, 
due to the high moisture content of the in-situ sample (greater than 50 percent).  
 
Graph 3.1 – IA1-16 (13.2 – 14.2’) XRF Spectrum of In-Situ and Ex-Situ Analysis 
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Graph 3.2 – IA1-16 (13.2 – 14.2’) XRF Spectrum of In-Situ and Ex-Situ Analysis; Looking at Total Uranium Region of 
Interest for Lα1 Peak 
 
Note: IA1-16 (13.2-14.2’) In-Situ sample contained 16.4% Moisture 
 
Graph 3.3 – IA1-4 (19 - 20’) XRF Spectrum of In-Situ and Ex-Situ Analysis 
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Graph 3.4 – IA1-4 (19 - 20’) XRF Spectrum of In-Situ and Ex-Situ Analysis; Looking at Total Uranium Region of Interest 
for Lα1 Peak 
 
Note: IA1-4 (19-20’) In-Situ sample contained >50% Moisture
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3.9 XRF Results Compared to Laboratory Results 
 In order to determine if an XRF analyzer is capable of making real-time decisions a comparison between 
reported XRF results and laboratory results needs to be investigated. The main goal of this chapter was 
to determine if in-situ measurements are comparable to laboratory results and have a sufficient 
correlation for decision making. To investigate the relationships between XRF and laboratory results (for 
both total uranium and total thorium) plots were generated and a linear regression analysis was 
preformed (similar to section 3.8). 
Graph 3.5 shows the relationship between the average reported XRF total uranium concentrations on 98 
samples scanned in-situ from the TTLF sampling event. These samples contain moisture from zero 
percent up to greater than fifty percent and include both IA-1 and IA-2 samples. The coefficient of 
determination, R2, for relationship between total uranium in-situ and laboratory U-238 was 0.87, 
indicating that nearly 87% of the variation in laboratory analysis, for U-238, was explained by variation in 
the in-situ XRF total uranium concentrations. Graph 3.6 is the same data used in Graph 3.5 except all 
samples with percent moisture content greater than 30 were removed from the data set. A total of 83 
samples are plotted on Graph 3.6. and the regression analysis shows a coefficient of determination, R2, 
for relationship between total uranium in-situ and laboratory U-238 to be .89, indicating that 89% of the 
variation in laboratory analysis, for U-238, was explained by variation in the in-situ XRF total uranium 
concentrations.   
Graph 3.7 and 3.8 show the averaged reported XRF total thorium concentrations versus laboratory Th-
230 concentrations. Unlike the uranium plots, there was no relationship between the XRF total thorium 
results when compared to the laboratory results. Graph 3.7 shows all 98 samples scanned in-situ from 
the TTLF sampling event. These samples contain moisture from zero percent up to greater than fifty 
percent and include both IA-1 and IA-2 samples. Graph 3.8 is the same data used in Graph 3.7 except all 
samples with percent moisture content greater than 30 were removed from the data set, no 
relationship was found between the data sets.   
Finally, plots were made to determine if a relationship exists between ex-situ XRF total uranium and 
laboratory U-238 (Graph 3.9) and the relationship between ex-situ XRF total thorium and laboratory Th-
230 (Graph 3.10). Graph 3.9 is plotted using all 21 ex-situ samples analyzed in IA-1 for total uranium 
plotted using a logarithmic scale. A power trend line is plotted and the coefficient of determination, R2, 
for relationship between total uranium ex-situ and laboratory U-238 to be .82, indicating that 82% of the 
variation in laboratory analysis, for U-238, was explained by variation in the ex-situ XRF total uranium 
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concentrations.  Similar to the data found earlier (Graphs 3.7 and 3.8) the plot of ex-situ XRF total 
thorium did not show a relationship when compared to laboratory concentrations of Th-230.  
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Graph 3.5 – In-Situ XRF Total Uranium vs Laboratory U-238 (All Moisture Content Included) 
 
Graph 3.6 – In-Situ XRF Total Uranium vs Laboratory U-238 (Only Moisture Content Less than 30 Percent Included) 
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Graph 3.7 – In-Situ XRF Total Thorium vs Laboratory Th-230 (All Moisture Content Included) 
 
Graph 3.8 – In-Situ XRF Total Thorium vs Laboratory Th-230 (Only Moisture Content Less than 30 Percent Included) 
 
0.10
1.00
10.00
100.00
1,000.00
10,000.00
1.00 10.00 100.00
La
bo
ra
to
ry
 T
h-
23
0(
pC
i/
g)
In-Situ XRF Total Thorium (ppm)
In-Situ XRF Total Thorium vs Laboratory Th-230
XRF Total Thorium vs 
Laboratory Th-230
0.10
1.00
10.00
100.00
1,000.00
10,000.00
1.00 10.00 100.00L
ab
or
at
or
y T
h-
23
0(
pC
i/
g)
In-Situ XRF Total Thorium (ppm)
In-Situ XRF Total Thorium vs Laboratory Th-230
XRF Total Thorium vs 
Laboratory Th-230
 
 
42 
 
Graph 3.9 – Ex-Situ XRF Total Uranium vs Laboratory U-238 
 
Graph 3.10 – Ex-Situ XRF Total Thorium vs Laboratory Th-230 
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3.10 Town of Tonawanda Landfill XRF Conclusion 
One interesting outcome of the TTLF RI sampling event was that the average activity found in biased 
locations was lower than the average activity found at systematic sampling locations. The systematic 
locations were selected to be equally distributed throughout an area where the biased locations were 
based off of both historical and field screening observations.  If elevated readings were found with field 
instruments at a systematic sample location a biased location was placed near that location to try and 
bound the contamination. Based of laboratory results the biased locations, which were expected to have 
higher concentrations than systematic, did not end up having the contamination expected. Accurate 
field readings during a sampling event can help to choose biased locations without off-site laboratory 
data. During future sampling events an XRF analyzer may be a useful tool to identify contamination 
during a remedial investigation and could help delineate the location of total uranium or thorium on soil 
cores.   
The lower limit of detection for the XRF analyzer for both uranium and thorium during the TTLF 
investigation was determined to be 12ppm. This concentration was determined by looking at all 141 
samples collected (both in-situ and ex-situ analysis) and determining which samples were reported as a 
non-detect. Almost all samples of total uranium and total thorium below this concentration would be 
lower than the reported XRF detection limit and labeled “<LOD” on the XRF’s iPAQ. On the other hand, 
as explained in Chapter 2, if longer acquisition times are used the limit of detection will decrease, as well 
as the reported error/relative standard deviation. If this experiment could be redone to achieve better 
data quality the author would have scanned each in-situ sample with 180second count times on at least 
5 locations on each bagged sample. The relative standard deviation was calculated for each sample and 
some had a large variation between measurements. Since this chapter was testing the real-time 
capabilities of XRF a 45 second count time was used, because that is a realistic amount of time a field 
measurement could be collected during a sampling event.   But, if an investigator was interested in 
determining a lower detection limit or comparing concentrations less than 12ppm to laboratory results 
longer count times should be used and multiple readings should be collected.  
When in-situ measurements were compared to ex-situ measurements the data showed that there was 
an increase in reported XRF concentration after samples were dried and homogenized. This could be 
due to many factors including a decrease in sample moisture and a decrease in sample heterogeneity or 
matrix affects. The samples measured in-situ for this comparison had a wide range of percent moisture 
from 7.8% to over 50% and the reported XRF concentrations for samples with moisture this high could 
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be underestimating the true concentration due to the moisture “shielding” or affecting the x-ray energy 
entering or leaving the sample.  
Further investigation into the affect of soil moisture can be studied by acquiring samples with laboratory 
certified concentrations of total uranium and/or total thorium. First a precision analysis should be 
performed (Chapter 2) to determine the accuracy of the XRF analyzer to match a known standards 
concentration. Second the investigator can prepare multiple XRF sample cups with varying percent 
moisture contents. One way to accomplish this would be to add a known weight of water to a known 
weight of sample. Multiple samples could be prepared to contain different percent moistures that 
would be encountered and quantified in the field (i.e. 5%, 10%, 15%... 50%). An investigator could then 
scan each sample a number of times (using a long count time, 180seconds) to determine the affect of 
soil moisture on a reported XRF concentration. This thesis was unable to address a true relationship 
between moisture content and reported XRF concentration due to the limited amount of laboratory 
certified XRF samples and scales to weigh samples to prepare different moisture content. If a 
relationship could be determined on how moisture affects a sample result then a user would be able to 
take a measurement in-situ, record the soil moisture, and use a multiplication factor (based off of the 
percent moisture) to adjust the result. A detailed description of a potential moisture investigation is 
presented in chapter five (Section 5.2).   
Since ex-situ measurements appeared to match reported laboratory concentrations, better than in-situ 
measurements, and in-situ measurements were reported to have lower concentrations than ex-situ 
measurements. The author believes that samples should be homogenized and dried for situations where 
accurate/quantitative results are needed. Once a study is done to determine the affect of moisture 
content on reported XRF measurements there may be no need to prepare samples. For situations where 
the XRF is used as a screening tool, to strictly determine the presence of total uranium or total thorium, 
in-situ measurements would work just fine. An example of using the XRF as a screening tool is presented 
in Chapter 5.  
A relationship was found when plots were made to compare XRF total uranium concentrations to 
laboratory U-238 concentrations for both in-situ and ex-situ results. Although there were some points 
which appear to be far from the trend line, there was an overall relationship between the two data sets. 
The correlation coefficient, R2, for the 98 in-situ total uranium data indicating that 87% of the variation 
in the laboratory U-238 concentrations was explained by the variation in XRF total uranium 
concentrations. When 22 ex-situ XRF total uranium samples were compared to laboratory U-238 
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concentrations the correlation coefficient, R2, indicated that there was an 82% of the variation in 
laboratory U-238 concentrations was explained by a variation in the XRF total uranium concentration.   
When in-situ and ex-situ XRF total thorium concentrations was compared to laboratory Th-230 results 
no relationship was found. Although the data presented in chapter two of this thesis found that the XRF 
did match laboratory calibration standards of total thorium (which was mostly Th-232) the author does 
not think the XRF will be able to identify Th-230 (the contaminant of concern at FUSRAP projects).  
This chapter determined that both in-situ and ex-situ XRF measurements of total uranium had a 
correlation coefficient of greater than 80% when compared to laboratory U-238 concentrations. There 
was no relationship found between in-situ or ex-situ XRF total thorium concentrations when compared 
to laboratory Th-230 results. It was also determined that ex-situ XRF concentrations were generally 
higher than the in-situ measurement on the same sample.  
The TTLF sampling (this chapter) found only five samples that had total uranium concentrations greater 
than 500ppm and there were no total thorium concentrations greater than 55ppm. To attempt to fully 
understand the performance of an XRF analyzer at a large range of concentrations, multiple samples 
would be needed.  To fill in concentrations that were not found at the TTLF, Chapter 4 will discuss an 
analysis of archived samples from the Linde FUSRAP project. The 22 Linde samples were selected based 
on their laboratory U-238 and Th-230 concentrations, which ranged from 0.32 – 11,847 pCi/g and 9.99 – 
2044 pCi/g, respectively.  
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4.1 Chapter Background 
An overview of the theory behind XRF analyzers and past investigations with respect to uranium and 
thorium in soils were described in Chapter 1; XRF response and performance against laboratory 
standards of uranium and thorium, using different count times, was investigated in Chapter 2; In 
Chapter 3, an XRF analyzer was tested in a real-time setting during remedial investigation sampling at a 
FUSRAP project. This chapter will focus on filling in data gaps encountered during Chapter 3, limited 
concentrations, in order to determine a relationship between an XRF and laboratory results when 
samples are analyzed over a large range of concentrations. To accomplish this task soil samples were 
needed that contained known concentrations of uranium and thorium, which covered a range as large 
as possible. The Linde FUSRAP project, under remediation by the USACE – Buffalo District, maintains a 
database of samples analyzed throughout the remediation of the property and those samples are stored 
onsite. This chapter describes the concentrations of samples selected from the Linde project and 
provides a comparison of those values against XRF analysis concentrations.  
4.2 Linde Site History and Constituents of Concern 
During the early to mid-1940’s, portions of the property formerly owned by Linde Air Products Corp., a 
subsidiary of Union Carbide Industrial Gas (Linde), now owned by Praxair, Inc., in the Town of 
Tonawanda, New York were used for the separation of uranium ores. The separation processing 
activities, conducted under a Manhattan Engineer District (MED) contract, resulted in elevated 
radionuclide levels in portions of the Linde property. Subsequent disposal and relocation of the 
processing wastes from the Linde property resulted in elevated levels of radionuclides at three nearby 
properties in the Town of Tonawanda: the Ashland 1 property; the Seaway property; and the Ashland 2 
property. Together, these three (3) properties, along with the Linde property, have been referred to as 
the Tonawanda Site (USACE, 2000).  
 
The Linde property is currently owned by Praxair and contains office buildings, fabrication facilities, 
warehouse storage areas, material laydown areas, and parking lots. Access to the property is controlled 
by Praxair. Approximately 1,400 employees work at the Praxair facilities. The property is underlain by a 
series of utility tunnels that interconnect some of the main buildings, and by an extensive network of 
storm and sanitary sewers. The Linde property is also located one mile west of the Town of Tonawanda 
Landfill FUSRAP property, introduced in Chapter 3.  
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Remediation activities commenced at the Linde site in 2000 following the signing of the soil Record of 
Decision (ROD). Between July and December 2000, Buildings 57, 58, 67, 73, and 73A were demolished. 
In 2009, Buildings 8 (East Annex), 31, 73B, and 90 were demolished. Soil excavation and disposal 
commenced in late 2000 and continued through November 2009. The site was divided into 19 main 
excavation areas. Total depths of excavation for these areas ranged from approximately 3 to 18 feet 
below ground surface.  
 
Throughout the duration of these remedial activities completed under the 2000 ROD, contaminated 
materials were shipped via rail to three different out-of-state facilities: 
• International Uranium Corporation (IUC), Blanding, Utah 
• Waste Control Specialists, LLC (WCS), Andrews County, Texas 
• US Ecology Corporation, Grandview, Idaho 
 
Since commencement of remediation activities at the Linde Site in 2000, approximately 344,529 tons of 
contaminated material has been removed and shipped out of state for disposal.  Figure 4.1 presents a 
chronology of events at the Linde site from 1936 until 2010 (USACE 2010). Thousands of samples have 
been collected and analyzed using both onsite and offsite laboratories, since remedial activities began. 
Samples were collected to determine the extent of contamination, whether or not shipments met 
disposal facility waste acceptance criteria, and to confirm the closeout of areas after excavation of 
contaminated soils. Samples analyzed using the on-site laboratory have been archived and remain in 
storage on the Linde property dating back from the start of remediation. These samples were saved in 
case any sample needed to be analyzed or any questions arose before the final closeout and turnover of 
the property after remediation.  A project database is maintained for samples at Linde which includes 
information such as sample ID, location code, radionuclide results (concentration, uncertainty, and 
detection limit), date/time collected, global positioning system coordinates, sample depth, etc. Due to 
the availability of a sample database and physical samples, which cover a tremendous range of uranium 
and thorium concentrations, the Linde FURSRAP project made an ideal candidate for an XRF 
investigation.  
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Figure 4.1 – Linde Chronology of site Events (USACE, 2010) 
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4.3 Sampling Objectives 
The objective of scanning archived soil samples from the Linde FUSRAP site was to scan samples that 
covered a large range of uranium and thorium concentrations, in order to observe the relationship 
between XRF and laboratory results. Table 4.1 shows laboratory results for the 22 archived samples 
chosen for this investigation. The U-238 and Th-230 concentrations are plotted in Figure 4.2 and 4.3, 
respectively. The selected archived samples contained concentrations of U-238 ranging from 0.32 pCi/g 
up to 11,874 pCi/g and Th-230 ranging from 9.99 pCi/g to 2,999.21pCi/g.  Although there may not ever 
be a need to know an exact concentration using a field instrument at such large concentrations (since 
these are much larger than the site specific clean up goals), it was of interest in the capability of 
detecting these concentrations that prompted the analysis of these samples. It is a unique look at the 
capabilities of an XRF analyzer that other researchers may not be able to replicate due to the variety of 
concentrations found on the Linde property.   
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Table 4.1 – Linde Archive Sample Concentrations (pCi/g) 
Lab ID Sample ID Ra-226 Result Th-230 Result U-235 Result U-238 Result 
1.00 L-SL-SP-0830 0.04 10.00 0.00 0.32 
2.00 L-SL-SP-0833 0.07 10.00 0.01 0.45 
3.00 L-SL-SC-2989 1.67 10.00 0.08 1.45 
4.00 L-CD-DP-0010 0.62 - 0.27 2.75 
5.00 L-SL-SC-3324 4.73 9.99 0.35 3.72 
6.00 L-SL-SC-1526 0.62 20.00 0.16 5.75 
7.00 L-SL-SC-2367 5.96 10.20 0.18 8.11 
8.00 L-SL-SP-1612 1.37 20.00 0.50 8.13 
9.00 L-SL-SC-1535 63.38 1853.50 6.26 183.02 
10.00 L-SL-SC-2251 50.20 110.64 13.39 199.72 
11.00 L-SL-SC-2983 227.92 188.72 15.03 208.87 
12.00 L-SL-SC-1909 0.93 50.00 5.27 225.70 
13.00 L-SL-SC-3354 48.64 2999.21 31.47 391.11 
14.00 L-SL-SC-3172 507.11 428.25 33.96 476.32 
15.00 L-SL-SC-2141 463.58 598.19 54.62 718.82 
16.00 L-SL-SP-0267 116.40 52.63 42.27 1034.00 
17.00 L-SL-SP-0273 1361.00 1774.00 92.36 1365.00 
18.00 L-SL-SP-0269 2044.00 2805.00 122.60 1947.00 
19.00 L-SL-SP-0248 3541.00 2618.00 253.50 3878.00 
20.00 L-SL-SC-1531 11.96 109.00 75.60 4897.83 
21.00 L-SL-SC-2210 21.48 638.00 303.53 5133.78 
22.00 L-SL-SC-0480 19.49 300.82 333.12 11874.00 
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Figure 4.2 – Linde Samples: Uranium 238 Concentration (pCi/g) 
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Figure 4.3 – Linde Samples: Thorium 230 Concentration (pCi/g)
 
 
8 
 
4.4 Methods of Investigation/Equipment Used 
To fill in concentrations not found during the Tonawanda Landfill investigation (Chapter 3), samples 
were selected from archived samples to make for a better relationship analysis for XRF versus laboratory 
uranium and thorium. Samples were located from the archive storage area at the Linde property and 
transferred into XRF cups. The archived samples were already dried, sieved, homogenized and placed 
into containers when they were analyzed using gamma spectroscopy. The main equipment used for this 
data collection was the XRF analyzer and XRF Sample Stand.  
To scan samples on the XRF stand they first needed to be transferred into XRF cups. Due to the wide 
range of concentrations of radium, uranium and thorium in the selected samples (Table 4.1) extra care 
was needed for sample preparation. A downdraft fume hood was utilized when opening archived 
sample containers and filling XRF cups. This fume hood pulled air down toward the working surface such 
that potential for airborne dust/material was minimized. The archived samples were slowly opened and 
an aliquot of material was transferred into an XRF cup using a disposable sampling spoon. A new spoon 
was used for each sample transfer. Since the archived samples were already homogenized by the on-site 
laboratory personnel it was assumed that it did not matter where in the container an aliquot sample 
was collected. For each archived sample the soil was composited from different areas to be placed in 
the XRF cups. Picture 4.1 shows the 22 samples collected from the Linde project, different matrices were 
encountered and are visible in this picture.  
Picture 4.1 – Linde XRF Samples 
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4.5 XRF Procedures 
To gather accurate and precise data, each sample was scanned using the XRF stand and analyzer for an 
acquisition time of 180 seconds. Using the XRF stand is recommended by the manufacture when 
scanning small samples and to keep the source to sample distance the same between different samples 
(Innov-X, 2007). This acquisition time mirrored the procedures for XRF cups analyzed in Chapter 3 and 
was shown to have the lowest reported error, standard deviation and relatisve standard deviation of all 
count times investigated in Chapter 2. Additionally, to gather statistical information on data quality, 
each sample was analyzed 5 times without movement of the XRF cup. 
The information recorded from the XRF for this investigation was total uranium and total thorium 
concentrations and their associated reported errors, for each acquisition time. A summary of the XRF 
results are presented in Section 4.6. For a detailed summary of the XRF analyzer and its operation please 
refer to Chapter 2.3.  
4.6 XRF Results  
The XRF results for total uranium and total thorium are presented in Tables 4.3 and Table 4.4 
respectively. The summary tables are formatted to match the results tables presented in Chapter 3, to 
include: mean, median, min, max, standard deviation, average reported error concentrations as well as 
the relative standard deviation.  
To check the reported concentrations over sequential readings, the relative standard deviation was 
calculated using Equation 1 and compared to the precision rating criteria used in Chapter 2 from EPA 
Test Method 6200, (Table 4.2).  
Equation 1 
RSD  = (SD/Mean Concentration) x 100 
Where: 
RSD = Relative Standard Deviation 
SD = Standard Deviation 
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Table 4.2 XRF Precision Rating 
Precision Rating Criteria 
Very Low Variability RSD < 5% 
Low Variability 5% < RSD < 10% 
Somewhat Variable 10% < RSD < 20% 
High Variability RSD > 20% 
 
 
For total uranium 16 out of the 22 total samples had a very low variability (0 – 4.53), 5 samples were 
somewhat variable (10.99-16.56) and one sample had a high variability (23.98). The sample with the 
highest variability (L-SL-SC-2367), according to EPA Method 6200, had a mean total uranium 
concentration of 9.6 and only had a standard deviation 2.3ppm between samples, which is not a large 
difference.  
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Table 4.3 XRF Total Uranium Summary Table 
Sample ID N Mean (ppm) 
Median 
(ppm) 
Min 
(ppm) 
Max 
(ppm) 
Standard 
Deviatio
n (ppm) 
Average 
Reported 
Error (ppm)  
Relative 
Standard 
Deviation 
of the 
XRF 
Result  
(% RSD) 
L-SL-SP-0830 5 3 3.0 3.0 3.0 0.00 - 0.00 
L-SL-SP-0833 5 3.6 4.0 3.0 4.0 0.55 1 15.21 
L-SL-SC-2989 5 5.8 6.0 5.0 7.0 0.84 2 14.43 
L-CD-DP-0010 5 5.4 5.0 5.0 7.0 0.89 2 16.56 
L-SL-SC-3324 5 14.2 15.0 12.0 16.0 1.64 2 11.57 
L-SL-SC-1526 5 30.6 31.0 26.0 35.0 3.36 2 10.99 
L-SL-SC-2367 5 9.6 9.0 7.0 12.0 2.30 2 23.98 
L-SL-SP-1612 5 24.2 24.0 23.0 26.0 1.10 2 4.53 
L-SL-SC-1535 5 926.4 927.0 913.0 934.0 8.05 8.4 0.87 
L-SL-SC-2251 5 725.8 724.0 719.0 733.0 6.38 8 0.88 
L-SL-SC-2983 5 88.4 88.0 84.0 93.0 3.36 3 3.80 
L-SL-SC-1909 5 805.6 808.0 797.0 815.0 7.47 8 0.93 
L-SL-SC-3354 5 1295.8 1299.0 1285.0 1307.0 9.44 10.8 0.73 
L-SL-SC-3172 5 1623.4 1621.0 1612.0 1639.0 9.81 13 0.60 
L-SL-SC-2141 5 1320.4 1324.0 1306.0 1327.0 8.62 12 0.65 
L-SL-SP-0267 5 1786.2 1793.0 1767.0 1805.0 17.60 12.6 0.99 
L-SL-SP-0273 5 1873 1878.0 1846.0 1891.0 19.99 14.6 1.07 
L-SL-SP-0269 5 2798.8 2792.0 2772.0 2843.0 26.86 19.4 0.96 
L-SL-SP-0248 5 3165.4 3168.0 3131.0 3202.0 30.00 21 0.95 
L-SL-SC-1531 5 373 370.0 368.0 388.0 8.43 5 2.26 
L-SL-SC-2210 5 3863 3858.0 3848.0 3881.0 16.02 22.4 0.41 
L-SL-SC-0480 5 4489.6 4481.0 4473.0 4517.0 18.19 26 0.41 
 
For total thorium 7 out of the 22 total samples had a relative standard deviation of zero, meaning all 
three reported concentrations were the same (non-detect).  Three samples had a low variability (5.83 – 
9.52), six samples were somewhat variable (11.91 – 18.67) and the remaining six samples had high 
variability (20.57 – 28.30).  In general, the thorium data was mostly reported as a non-detect (14/22 
samples) and the reported limit of detection did not appear to be related to the laboratory 
concentrations of thorium.  
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Table 4.4 XRF Total Thorium Summary Table 
Sample ID N Mean (ppm) 
Median 
(ppm) 
Min 
(ppm) 
Max 
(ppm) 
Standard 
Deviation 
(ppm) 
Average 
Reported 
Error 
(ppm)  
Relative 
Standard 
Deviation 
of the XRF 
Result  
(% RSD) 
L-SL-SP-0830 5 3 3.0 3.0 3.0 0.00 - 0.00 
L-SL-SP-0833 5 4 4.0 4.0 4.0 0.00 - 0.00 
L-SL-SC-2989 5 9.2 9.0 7.0 11.0 1.48 2 16.12 
L-CD-DP-0010 5 4.6 5.0 4.0 5.0 0.55 - 11.91 
L-SL-SC-3324 5 8 8.0 8.0 8.0 0.00 - 0.00 
L-SL-SC-1526 5 8.6 8.0 7.0 11.0 1.52 2 17.63 
L-SL-SC-2367 5 6 6.0 6.0 6.0 0.00 - 0.00 
L-SL-SP-1612 5 6.6 6.0 6.0 9.0 1.34 2 20.33 
L-SL-SC-1535 5 29.2 28.0 26.0 33.0 2.77 5 9.50 
L-SL-SC-2251 5 9.4 9.0 9.0 11.0 0.89 3 9.52 
L-SL-SC-2983 5 8.8 8.0 7.0 11.0 1.64 2 18.67 
L-SL-SC-1909 5 7.8 7.0 7.0 11.0 1.79 2 22.93 
L-SL-SC-3354 5 20.6 18.0 15.0 28.0 5.59 5 27.16 
L-SL-SC-3172 5 9.4 9.0 9.0 10.0 0.55 3 5.83 
L-SL-SC-2141 5 10 10.0 10.0 10.0 0.00 - 0.00 
L-SL-SP-0267 5 7.8 7.0 7.0 10.0 1.30 2 16.72 
L-SL-SP-0273 5 11 11.0 11.0 11.0 0.00 - 0.00 
L-SL-SP-0269 5 15.6 14.0 13.0 20.0 3.21 4 20.57 
L-SL-SP-0248 5 15 15.0 15.0 15.0 0.00 - 0.00 
L-SL-SC-1531 5 8.8 8.0 7.0 13.0 2.49 2 28.30 
L-SL-SC-2210 5 20.8 22.0 14.0 25.0 4.44 3 21.34 
L-SL-SC-0480 5 28 28.0 21.0 34.0 4.64 5 16.56 
13 
 
4.7 XRF Comparison to Laboratory Results  
To compare the XRF results to laboratory results plots were made, similar to Chapter 3, that plotted XRF 
concentrations versus laboratory concentrations. Total uranium from the XRF is presented in Figure 4.4 
and graphed against U-238 concentration reported from the on-site gamma spectroscopy 
measurement. This figure has two graphs, the first shows a relationship using an automatically 
generated scale for the x/y axis and the second graph shows a logarithmic scale for the x/y axis. Both 
graphs have a trend line plotted (2nd order polynomial fit and power fit respectively) and the calculated 
coefficient of determination. The coefficient of determination, R2, is useful because it gives the 
proportion of the variance (fluctuation) of one variable that is predictable from the other variable. It is a 
measure that allows us to determine how certain one can be in making predictions from a certain 
model/graph. The coefficient of determination is such that 0 <  R 2 < 1,  and denotes the strength of the 
linear association between x and y, the closer R2 is to one the stronger the relationship between 
variables are. These trend lines (4.4) both provide a reasonable fit to the data set and have an R2 value of 
approximately 0.94, indicating that nearly 94% of the variation in gamma spectroscopy U-238 was 
explained by variation in XRF total uranium concentrations. 
Total thorium from the XRF is presented in Figure 4.5 and graphed against Th-230 concentrations from 
laboratory analysis. Similar to the uranium plot, there are two graphs for this comparison.  The total 
thorium concentrations reported by the XRF were relatively low (<30ppm) where as the concentrations 
reported from the laboratory were a high as 3,000pCi/g of Th-230. As can be seen in the plots the 
relationship between XRF total thorium and laboratory Th-230 results is very poor, similar to the 
findings in Chapter 3. Trend lines were not added to the thorium graphs due to the relationship being 
visually non-existent.  
One out of the 22 samples was removed out of the comparison between XRF and laboratory analysis, for 
both uranium and thorium, due to the low reported XRF concentration. Sample L-SL-SC-1531 had a 
mean total uranium concentration of 373ppm and has a reported laboratory concentration of 
4897pCi/g. This sample varied so much from the plotted trend lines, and expected results from 
observations in Chapter 2 and 3, that it was not included in the comparison graphs. What most likely 
happened is that the aliquot removed from the archived sample did not contain the source of activity. 
Even though archived samples were homogenized and dried it was determined that there still could be 
areas that were not homogenized. Since XRF cups were filled by composting the archived sample there 
is a small chance that the contamination was not collected. The original archived sample was scanned 
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with a sodium iodide detector and confirmed that the sample should have noticeable activity; the 
author suspects the composited aliquot missed the source of activity in this particular sample. The 
twenty one other samples were included in Figures 4.4 and 4.5. 
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Figure 4.4 Comparison of XRF Total Uranium versus Uranium 238 Concentration. Note: Second Plot is on Logarithmic Scale (Base 10).  
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Figure 4.5 Comparison of XRF Total Thorium versus Thorium 230 Concentration. Note: Second Plot is on Logarithmic Scale (Base 10). 
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4.8 Linde Archive Samples Conclusion  
In conclusion, the 22 samples scanned from the Linde FUSRAP project exhibited a relatively low amount 
of variability when scanned for total uranium for sequential measurements. When compared to 
laboratory results there was a relatively strong correlation (R2≈ 0.94) for both a polynomial and power 
series trend line. This value is indicating that nearly 94% of the variation in gamma spectroscopy U-238 
was explained by variation in XRF total uranium concentrations. On the other hand, total thorium had a 
very poor relationship when compared to laboratory Th-230 concentrations. This conclusion matches 
the information found in Chapter 3, Tonawanda Landfill FUSRAP sampling event, where there was a 
relationship for XRF total uranium and not for XRF total thorium.  
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5.0 – Summary  
During sampling or remediation of radiologically contaminated sites quantitative results are needed to 
determine where to sample or where to excavate soils. Although some portable gamma spectroscopy 
equipment does exist for field identification of radionuclides, they are not commonly used during 
remedial investigations. The current, and very common, process for sampling involves scanning soil with 
field portable gross measuring radiation detectors (i.e. Sodium Iodide, scintillation, etc) that measure 
counts per minute of ionizing radiation; this does not give any information on the nuclides present or 
their concentrations in the soil. Samples are then collected at biased locations based on the results of 
the field detectors and sent to an on-site or off-site laboratory for analysis (i.e. gamma-spectroscopy,  or 
alpha-spectroscopy) to determine what nuclides are in the soil and quantitate their concentration. If an 
on-site laboratory is not used it may take a few weeks to receive data back from off-site analysis, which 
inhibits real-time decision making while sampling. For example, if a laboratory analysis comes back with 
samples showing high concentrations, 30 days after sampling is completed, a costly re-mobilization 
might be necessary to bound the extent of contamination.  
 
One potential method to determine real-time concentrations of metals in soil is through the use of a 
field portable x-ray fluorescence (XRF) device.  This thesis attempted to examine the relationship 
between laboratory isotopic uranium and thorium concentrations to XRF results of elemental uranium 
and thorium, which are contaminants of concern found at Formally Utilized Remedial Action Program 
(FUSRAP) sites. The FUSRAP properties were contaminated during the United States early atomic 
weapons era and are being remediated by the United States Army Corps of Engineers (USACE) as part of 
a federal remediation program. Both uranium and thorium are radioactive metals which were 
investigated to determine if XRF devices can detect their presence at environmental levels of 
significance to assist in the investigation and remediation of future FUSRAP projects.  
 
Each chapter of this thesis built off of the information presented in the previous chapters. Chapter one 
described the need for real-time analysis during field radiological investigations and introduced x-ray 
fluorescence as a potential solution. The theory behind x-ray fluorescence, the advantages of XRF 
analyzers for real-time analysis at chemical sites, and lessons learned from three radiological projects 
was also described. The main purpose of this chapter was to share the information found during the 
literature review that was applicable to answering the problem statement.  
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Chapter two built off of the lessons learned in chapter one to establish a sampling protocol to test the 
XRF analyzer’s performance. The chapter started by describing all of the equipment used and the 
procedures for sample acquisition. Samples with known concentrations were then analyzed, 
sequentially, using varying acquisition times to determine how the reported concentrations compared 
to the known standards.  This chapter found that 45 second acquisition count times were sufficient for a 
quick look at uranium and thorium in a sample and that for better quantitative analysis acquisition times 
of 180 seconds should be utilized.  
Chapter three used all of the information explained, thus far, to test the XRF analyzers ability to make 
real-time decisions at an active remedial investigation. The main goal of chapter three was to determine 
if in-situ and ex-situ samples could be compared to laboratory analysis. Ninety eight samples were 
collected from the Town of Tonawanda Landfill FUSRAP site from two investigative areas that were 
expected to have the highest likelihood of finding contamination. All ninety eight samples were scanned 
three times in-situ, using 45 second acquisition times, and averaged. Twenty one of the in-situ samples 
were homogenized, sieved, dried, and rescanned three times using a 180 second acquisition time.  To 
determine the use of XRF in a real-time setting, in-situ and ex-situ results were compared against each 
other and against laboratory concentrations.  
Chapter four used archived samples from the Linde FUSRAP site to fill in data-gaps encountered in 
Chapter 3. The TTLF sampling event found only five samples with total uranium concentrations greater 
than 500ppm. One goal of this thesis was to determine the performance of an XRF over a very large 
range of uranium and thorium concentrations, which had not been investigated in the studies found in 
the literature review.  Twenty two samples were selected from the Linde archived samples which 
contained concentrations of total uranium from 0 – 4498ppm (laboratory concentrations of U-238 
ranging from 0.32 – 11,874pCi/g).  
This final chapter will summarize the findings of this XRF investigation, limitations encountered, 
potential future investigations and present conclusions to address the problem statement.  
5.1 – Thesis Limitations 
To fully investigate the usefulness of XRF at a project, a user will need to understand the soil conditions 
and extent of contamination at the prospective site as well as the precision of their XRF analyzer (EPA, 
2007). To understand the precision of the XRF analyzer, used for this thesis, the author conducted a 
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literature review, Section 1.3.4, and identified the following factors which could affect the XRF results: 
 
• Detector Resolution 
• Sample Matrix Affects 
• Accuracy and Suitability of Calibration Standards 
• Sample Morphology 
• Sample Measurement Geometry 
• Moisture Content 
• Count Time 
This thesis intended to look at each of these factors to determine the effect on XRF results but 
ultimately was unable to investigate all of them. Chapter two investigated the precision and resolution 
of the XRF analyzer, used for this thesis, by utilizing a sampling stand to keep sample measurement 
geometry consistent and looked at the effect of counting time on the detector’s results using calibration 
standards.  Chapter three and four looked at moisture content and used the count times and sample 
measurement geometry from chapter two to determine the relationship of XRF results to laboratory 
concentrations. Although a good portion of the factors, listed above, were investigated, not all of them 
were covered. Sample matrix affects, sample morphology and moisture content were not fully 
investigated.  
5.1.1 Sample Availability and Morphology  
In order to determine the affect of sample matrix and morphology a large number of samples would be 
needed which contain an equal concentration of a target element and varying soil morphology. For 
example, all properties contain a variety of soil types and each of them could have a different affect on 
XRF results. The Harshaw Chemical Company XRF evaluation (Walston, 2006) acquired standards of 
varying soil morphology, which were expected to be encountered during field work, and investigated 
the XRF precision against known laboratory concentrations.  Also, EPA Test Method 6200 (EPA, 2007) 
recommends all users perform a study similar to this prior to commencement of field work. A user 
should acquire samples of each soil morphology expected to be onsite and have those soils spiked with 
concentrations of uranium and thorium close to their projects action level.  
This thesis was looking at the performance of XRF for uranium and thorium in soil and not looking at one 
project, exclusively. Therefore, no one soil type was expected to be more common than another. 
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Archived samples were scanned from the Linde FUSRAP site (Chapter 4) and samples were collected 
during a remedial investigation at the TTLF FUSRAP site (Chapter 3).  Ideally, representative soil samples 
should have been collected from both the TTLF and Linde sites and scanned to determine if there are 
sample morphology or matrix affects on the XRF results, prior to field sampling.  
Investigators that intend on using an XRF to detect uranium or thorium in soils should fully understand 
the soil morphology and matrices present on the property being investigated, prior to making decisions 
based on XRF results.   
5.1.2 Laboratory Analysis 
There was no funding available for this thesis and therefore no samples were purchased or sent for 
laboratory analysis.  All of the samples analyzed with an XRF were compared to laboratory calibration 
standards (Chapter 2), collected in the field during a remedial investigation (Chapter 3) or selected from 
archived samples previously analyzed using gamma spectroscopy (Chapter 4).  
A source of error in analyzing samples in this manner comes from the small volume analyzed by an XRF. 
The XRF looks at only a few centimeters of material to determine the elemental concentration in the 
sample and gamma spectroscopy can look at large volumes (500grams +) to determine the 
concentrations of soil.  All samples for chapter three and four of this thesis were small aliquots of soil, in 
XRF cups, which were compared to gamma spectroscopy measurements of a larger soil volume. There 
was at least one instance, with a Linde archived sample, where the reported XRF total uranium 
concentration did not match the magnitude of uranium expected, based off the gamma spectroscopy 
measurement. This happened due to the small volume of soil removed from the sample container not 
being representative of the sample as a whole. In other words, the soil removed from the sample 
container did not contain the elevated uranium concentrations that the gamma spectroscopy measured.  
If funding was not an issue for an XRF analysis, samples could be scanned in XRF cups and those cups 
could be sent to a laboratory for further analysis (i.e gamma/alpha spectroscopy). Analyzing samples 
using this method would most likely strengthen the relationship between XRF concentration and 
laboratory concentrations, since it is known the same sample was analyzed with both methods.  
Another limitation was that only three concentrations of total uranium and total thorium were scanned 
for the XRF performance analysis in chapter two. It would be interesting to look at the XRF performance 
over a large range of laboratory standards such as 10ppm – 500ppm, at a set increment (i.e. 25ppm). By 
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doing an extensive XRF precision analysis an investigator could truly determine if the XRF responds to 
the calibration sources consistently (i.e. always under estimating or always over estimating the expected 
value). For example, in chapter two the XRF underestimated the uranium calibration standards and over 
estimated the thorium calibration standards.  
5.1.3 Affect of Moisture 
This thesis addressed soil moisture in chapter three where twenty one samples were scanned both in-
situ and ex-situ to determine the affect of moisture connect on XRF results. Although samples were 
homogenized in the field prior to scanning in-situ and once again prior to drying and scanning ex-situ, 
there could still be a source of error with non-homogenized samples. To try and reduce this error the in-
situ samples were scanned three times at different location on their bags and an averaged 
concentration was compared to an averaged ex-situ concentration.  Although this analysis was 
comparing concentrations of total uranium and total thorium in the exact same soil with and without 
moisture, this may not have been the ideal way to perform a moisture analysis.  
Ideally, using the type of soils encountered in chapter three, a volume of soil could have been placed in 
an XRF cup and scanned in-situ without removing the moisture. Then that same sample could be dried, 
without removing it from the XRF container, and rescanned to determine if there is a difference in 
reported XRF concentration. This methodology was not used for this thesis due to the real-time 
approach used and quick turnaround time needed in the field, as to not interfere with contractor 
fieldwork activities.  This thesis looked at samples which contained a wide range of percent moisture 
(0% up to greater than 50%). Although the number of samples was adequate to determine if the XRF is a 
useful tool to make real-time decisions, there were not enough samples to determine exactly how 
moisture affects an XRF result. The author was only able to look at spectrums of the samples available 
and make conclusions based off of the averaged sample concentrations. 
Another step the author used to account for affect of soil moisture was to measure the percent 
moisture of each sample scanned in-situ.  For the final comparisons in chapter three the samples could 
be filtered to look at only samples with less than 20% moisture to determine the effect on the 
relationship between XRF and laboratory analysis, even though a quantitative conclusion was not 
determined.  A potential experiment to determine the exact affect of moisture on samples will be 
explained in section 5.2.  
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5.2 Future Investigations 
This section will outline a potential future investigation that could be attempted to find the relationship 
between moisture and XRF results.  Section 5.1.3 identified the limitation this thesis had on quantifying 
the affect of moisture and the following steps outline a different approach that was not possible to 
attempt during this thesis, due to limited resources (i.e. samples, laboratory scale, etc).  
The literature review (Chapter 1) identified many papers which stressed the importance of analyzing 
samples with less than 20% moisture. To reduce the effect of soil moisture most investigators will dry 
samples prior to analysis. The author could not find any papers which discussed the true affect of 
increased soil moisture on a sample with a known concentration. Chapter three looked at samples that 
were scanned in-situ (with moisture) and ex-situ (without moisture) and determined that, on average, 
the reported uranium concentration increased when a sample was dried. To fully determine what 
happens to the reported concentration when moisture is added to a sample, the author proposes the 
following experiment.  
Step 1 – Acquire National Institute of Standards and Technology (NIST) traceable standards from a 
laboratory which contain concentrations of total uranium (near a project’s action level) in a soil matrix 
expected to be encountered in a project. 
Step 2 – Take an aliquot of the samples and place them into multiple XRF cups.  
Step 3 – Weigh the amount of soil in each of the containers and add a specific weight of water such that 
each cup contains an exact concentration of water, determined by the investigator. The author 
recommends looking at the following percent moisture concentrations, for each laboratory sample: 0, 5, 
10, 15, 20, 25, 30, 35, 40, 45, and 50 percent moisture. 
Step 4 – Establish a sampling protocol, similar procedures to the ones used in chapter two of this thesis, 
to determine XRF precision and scan each of the standards multiple times, using the 180 acquisition 
times.  
Step 5 – Scan each laboratory sample acquired from step 1 using all of the recommended moisture 
contents presented in step 3.  
Step 6 – Create a graph which plots the average XRF total uranium concentration versus percent 
moisture of the sample for each of the samples analyzed.  
 
7 
 
Step 7 – Analyze the data to determine if there is a relationship between moisture content and reported 
XRF concentration. The investigators can then determine how the reported XRF concentration compares 
to the laboratory concentration of the XRF standards.  
Figure 5.1 depicts a scenario showing possible results of a moisture investigation. Note: this plot is not 
intended to show an actual relationship between XRF results and moisture concentration. The two plots 
shown are only an example of potential results which could be found by future investigators performing 
the aforementioned experiment. The author suspects that the graphs will show a decrease in reported 
XRF concentrations as the moisture content of a sample is increased, the exact affect of moisture on a 
sample is unknown. If a relationship could be determined, then an investigator could measure the 
percent moisture of a sample and use a multiplication factor to adjust their reported result to match 
their expected result, based off of their moisture study.  This method may improve the in-situ versus 
laboratory analysis relationship and ex-situ sample analysis may not be necessary to meet project goals.  
Figure 5.1 – Theoretical XRF Result vs Percent Moisture 
 
5.3 – Problem Re-Statement 
Common technology used for in-situ analysis (sampling in place) at FUSRAP sites are not capable of 
determining concentrations of contamination, which is needed to determine if a location meets site 
cleanup goals. Without experimentation there is an uncertainty of whether or not XRF analysis of in-situ 
samples will compare to off-site analysis. Research has shown that XRF can be a very fast, powerful, cost 
effective technology for site characterization (EPA 6200) for chemical analytes. This research intends to 
determine if these strengths will carry over during radiological investigations which involve uranium and 
thorium. 
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This thesis had two main research questions: 
Primary: Can real-time decisions be made using XRF to guide radiological environmental projects? 
Secondary: Can a correlation between XRF in-situ analysis and standard laboratory methods be 
determined? 
Both the primary and secondary research questions will be presented in the sections 5.3.1 and 5.3.2, 
respectively.  
5.3.1 Primary Research Question: Real-Time Decision Making 
Chapter three of this thesis focused on analyzing samples in a real-time setting at the TTLF FUSRAP 
remedial investigation for both uranium and thorium. The samples analyzed during this chapter were 
selected based off of soil core readings collected from field radiological instruments (sodium iodide and 
pancake Geiger-Muller). Samples which exhibited an elevated reading on a field instrument also 
exhibited an elevated reading of total uranium on the XRF analyzer.   
Chapter two of this thesis confirmed that the XRF analyzer consistently measured total uranium and 
total thorium when compared to the expected laboratory results of calibration standards.  In chapters 
two through four, whenever the XRF identified the presence of uranium or thorium, the author was able 
to visually identify the peaks on the iPAQ’s spectrum.  From the spectrums and results found in chapter 
two the author believes that the XRF is an ideal candidate for detecting the presence of total uranium 
and total thorium on standards.  
The thorium standards scanned in chapter two were purchased from a laboratory and contained 
naturally occurring ratios of thorium, meaning mostly Th-232 and nearly no Th-230. Chapter two 
determined that XRF was satisfactory for identifying total thorium on those standards. Chapter three, on 
the other hand, did not show a relationship between XRF total thorium and laboratory Th-230. The 
theoretical calculation of converting total thorium (ppm) into activity concentration (pCi/g) of Th-232 
assumes the natural occurring ratios of the thorium isotopes. Since Th-232 is not the contaminant of 
concern, and Th-230 usually is, the author believes that the portable XRF will be of little use to identify 
total thorium directly.  
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Total uranium appeared to show a strong relationship when compared to the laboratory U-238 
concentrations and the author believes that for field screening of soils the XRF will certainly be able to 
help investigators make real-time decisions on the presence of total uranium (and assuming a site with 
mostly U-238 contamination). Even though the reported total thorium on the XRF did not show a strong 
relationship to the laboratory Th-230 results an investigation could still be attempted using an XRF. 
Similar to the Rattlesnake Creek FUSRAP remedial investigation (Chapter 1), an investigator can 
determine the ratio of uranium/thorium present on a property (if there is one) and determine a limit of 
reported XRF total uranium to use as a surrogate to capture the clean-up goal of thorium. The 
Rattlesnake Creek investigation concluded that this was a useful tool in the remediation of the property 
and saved money by reducing the number of samples sent for alpha spectroscopy (for thorium).   
The following section, 5.3.1.1, is an example which shows how the XRF can be used as a screening tool 
to make real-time decisions based off of the presence of total uranium.  
5.3.1.1 Example - XRF Screening  
A few opportunities have come about, since the completion of this XRF evaluation, to test the ability to 
use the XRF analyzer as a screening tool for the presence of total uranium.  One successful case, which 
proves that XRF can be used to make decisions, was the use of the XRF to analyze fertilizer samples.  The 
Niagara Falls Storage Site (NFSS) is a FUSRAP property currently in the feasibility study phase by USACE – 
Buffalo District. The NFSS has an interim waste containment structure (IWCS) which contains highly 
enriched uranium ores,  originating from the Belgium Congo,  with average radium 226 concentrations 
at nearly 520,000 pCi/g. The residues are contained inside a former freshwater treatment plant which is 
currently located within the IWCS along with other FUSRAP materials that were consolidated by the 
United States Department of Energy. Since the IWCS completion, in 1985, the NFSS has had an elaborate 
environmental monitoring program to monitor the radioactivity on the property. The environmental 
surveillance program includes surface water and sediment sampling in all of the drainage ditches on the 
property along with ground water sampling, dose monitoring around the properties boundaries, and 
radon flux measurements (on the IWCS).  
As part of the closure and long term maintenance plan, the IWCS is required to have thick grass 
coverage in order to prevent degradation of the clay cover over top of the FUSRAP material. To ensure 
the grass is healthy a maintenance contractor fertilizes, aerates, rolls, and waters the IWCS seasonally. 
One question recently discussed was the potential for increased concentrations of uranium in drainage 
 
10 
 
ditch samples due to the application of fertilizer on the IWCS. Fertilizer is known to contain naturally 
occurring radioactive material due to the geological properties of the location the fertilizer was mined 
from. For example, phosphorous, a common ingredient in fertilizers can contain uranium in 
concentrations from 10-100pCi/g (EPA, 2011).  
All fertilizers use a three number rating system, for example 15-15-15 or 21-7-14. The first number 
represents nitrogen, the second is phosphorous, and the third is potassium (or potash). Different 
combinations of these three ingredients may be needed depending on the current condition of the soils 
and grass.  Combinations of different fertilizers are often used at the NFSS to maintain the IWCS. Soil 
samples are collected from the IWCS annually, composited, and sent to a soil laboratory to determine 
the fertilizer combinations needed to maintain the grass.  
First, a sample of fertilizer used in 2010 was scanned using an XRF and sent to an off-site laboratory for 
gamma spectroscopy. The average reported XRF concentration for total uranium on the fertilizer sample 
was 24ppm and the laboratory gamma spectroscopy result for U-238 was 12.4 pCi/g.  Both the XRF and 
off-site laboratory identified concentrations of uranium above background concentrations typically 
found in soil, for this area.  
Since the fertilizer scanned was composited using different fertilizers, USACE requested samples of each 
component to scan with the XRF. The fertilizer distributer provided USACE with four different fertilizers 
which were combined to make the recommended fertilizer to maintain the IWCS. The four components 
were identified as: DAP (18-46-0), urea (46-0-0), potash (0-0-6) and ammonium sulfate (21-0-0).  Each 
sample was placed into an XRF cup and scanned using a 180 second acquisition time on the Innov-X XRF 
stand, to maintain sample geometry. The results of this investigation are provided in Table 5.1.    
One of the four fertilizers scanned, DAP, contained an average reported total uranium concentration of 
102.2 ppm, with the XRF analyzer. The other three fertilizers did not show total uranium readings above 
10ppm. The DAP sample was the only fertilizer provided that contained potassium and the only sample 
which contained elevated readings of total uranium.  This information was provided to the NFSS 
maintenance contractor who then provided a second set of fertilizer samples which contained the 
minimum amount of potassium to maintain the integrity of the IWCS. The second set of fertilizers 
analyzed did not contain total uranium above the limit of detection of the XRF analyzer.  
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The presence of uranium in surface water and sediment samples, due to the application of fertilizers, 
goes beyond the scope of this thesis and further reading can be found in this chapter’s bibliography on 
this topic (Zielinski, 1997). What this thesis did determine was that the XRF analyzer proved to be a 
useful tool during this investigation to determine the presence of total uranium in fertilizers. Without 
the XRF analyzer samples would have been sent off-site for laboratory analysis and cost the NFSS project 
time and money waiting for the results. Due to the quick acquisition time and relationship between total 
uranium and U-238, observed during this thesis, the fertilizer samples could be scanned and decisions 
could be made in a short amount of time.  
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Table 5.1 – XRF Screening for Total Uranium in Fertilizer 
 
Sample Identification Notes Number Rating 
Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 Average (ppm) Estimated U-238** 
Total U E Total U E Total U E Total U E Total U E Total U E pCi/g 
DAP Phosphate + Nitrogen 18-46-0 102 2 102 2 100 2 104 2 103 2 102.2 2 34.40052 
Urea Nitrogen 46-0-0 10 1 10 1 8 1 9 1 10 1 9.4 1 3.16404 
Potash Potassium 0-0-60 8 ND 8 ND 8 ND 8 ND 8 ND 8 ND* 2.6928 
Ammonium Sulfate Nitrogen + Sulfate 21-0-0 3 ND 2 ND 2 ND 3 ND 3 ND 2.6 ND* 0.87516 
                    
Count Time = 180 Seconds                 
E = XRF Reported Error (ppm)                 
* ND = Non-Detect Sample, Reported Error is 
Listed as Total U Concentration 
                
                            
** 1ppm Total U = .3366 pCi/g of U-238; 
Assuming Natural Ratios 
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5.3.2 Secondary Research Question: Laboratory Correlation  
The XRF analyzer, used for this thesis, was able to identify both total uranium and total thorium on 
laboratory standards with known concentrations (Chapter 2). The precision of the analyzer was tested 
by looking at the relative percent difference, percent difference and the relative percent error of 
sequential measurements of laboratory standards. The conclusions of chapter two stated that the 
calculated relative percent difference for both uranium and thorium indicated a high level of precision 
for the XRF for all uranium and thorium concentrations and count times (mostly low variability).   
 
Chapter three of this thesis took the information from chapter two and analyzed samples with unknown 
concentrations in a real-time setting at the TTLF FUSRAP project. The samples were scanned in-situ, ex-
situ and then compared to the laboratory concentrations (total uranium vs U-238 and total thorium vs 
Th-230). The XRF analyzer showed a strong relationship between reported XRF total uranium 
concentrations and laboratory U-238 concentrations (R2 > 90%). The total thorium concentrations, on 
the other hand, showed an extremely poor relationship when compared to laboratory Th-230 
concentrations.  
 
Chapter four of this thesis compared U-238 and Th-230 concentrations of 22 archived samples from the 
Linde FUSRAP project to XRF results of total uranium and total thorium. Consistent with all previous 
chapters, there was a strong relationship between reported XRF concentrations of total uranium and no 
relationship found between total thorium and Th-230. Two figures were made to show all of the total 
uranium and total thorium data collected from chapters two and three; both in-situ and ex-situ results 
are shown.  
 
Figure 5.2 shows the relationship between XRF total uranium (ppm) versus gamma spectroscopy 
concentrations of U-238 (pCi/g); this includes all 141 XRF samples (even with high moisture content and 
high relative standard deviations). A correlation coefficient, R2, for the power series trend line indicates 
that 86.7% of the change in laboratory U-238 can be explained by a change in XRF total uranium 
concentration.  Figure 5.3 filtered out samples which contained moisture greater than 20% and the 
correlation coefficient increased to show a stronger relationship between XRF and laboratory results, a 
total of 102 samples are plotted. The R2 value in Figure 5.3 indicates that nearly 87% of the variation in 
gamma spectroscopy for U-238 was explained by variation in XRF total uranium concentrations. 
Although the plot indicates a variation of samples plotted around the trend line, the relationship 
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between XRF and laboratory results does exist. A user will be able to determine an approximate 
magnitude of the concentration of U-238 by knowing the XRF total uranium concentration. An exact 
relationship between the two values was not able to be determined due to the limited number of 
samples and resources available for this thesis.  
 
Figure 5.4 shows the relationship between XRF total thorium (ppm) versus gamma and/or alpha 
spectroscopy concentrations of Th-230 (pCi/g); this includes all 141 XRF samples (even with high 
moisture content and high relative standard deviations).  Unlike the uranium plots (Figure 5.2 and 5.3), 
the thorium comparison to laboratory Th-230 shows no statistical relationship to one another. As 
previously mentioned (Section 5.3.1) the XRF analyzer is most likely only capable of detecting Th-232, 
highest natural abundance, and not Th-230. The laboratory standards scanned in chapter two, which 
contained known total thorium concentrations, were made with naturally occurring thorium (mostly Th-
232). Chapter two determined that the XRF analyzer was capable of consistently measuring the 
concentration of total thorium in the laboratory calibration standards. Chapter three and four 
determined that the XRF total thorium concentrations did not have a relationship when compared to 
laboratory Th-230 results.  
 
Can a correlation between XRF in-situ analysis and standard laboratory methods be determined? This 
thesis found that there was a correlation between in-situ and ex-situ XRF total uranium analysis when 
compared against standard laboratory methods for U-238. The XRF was able to match total thorium 
concentrations against laboratory total thorium calibration standards (which contained Th-232) but 
there was no correlation between TTLF or Linde FUSRAP samples when compared to laboratory 
methods (which contained Th-230 and very little Th-232).  
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Figure 5.2 – All XRF Averaged Total Uranium Samples (ppm) vs Laboratory U-238 (pCi/g) 
 
Note: This plot contains all 141 XRF samples analyzed to include all percent moisture content (0 through greater than 50) and all relative 
standard deviations between averaged samples (0 through greater than 20 RSD).  
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Figure 5.3 – XRF Samples with Less Than 20% Moisture, Averaged Total Uranium Samples (ppm) vs Laboratory U-238 (pCi/g) 
 
 
Note: This plot contains 102 XRF samples which contain percent moisture less than 20 and includes all relative standard deviations between 
averaged samples (0 through greater than 20 RSD). The correlation coefficient, R2, had a slight increase from .867 in Figure 5.2 to .877 in this 
figure.  
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Figure 5.4 – All XRF Averaged Total Thorium Samples (ppm) vs Laboratory Th-230 (pCi/g) 
 
 
Note: This plot contains all 141 XRF samples analyzed to include all percent moisture content (0 through greater than 50) and all relative 
standard deviations between averaged samples (0 through greater than 20 RSD).  A trend line is not shown because no relationship exists 
between XRF total thorium and laboratory Th-230. 
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5.4 – XRF Cost Benefit Analysis  
This thesis looked at the theory and experimental performance of XRF analyzers for use at radiological 
projects. Although an XRF was already available for this research the author wanted to go through the 
cost benefit analysis for readers who are interested in either purchasing or renting an XRF for use at a 
project. This section will go through some typical costs associated with laboratory analysis of samples, 
explain the costs associated with renting or buying an XRF analyzer and the theoretical point at which 
money is saved by using an XRF. There are many manufactures and models of XRF analyzers to choose 
from and a full review of potential products was outside of the scope of this thesis. With that in mind 
the following information is presented to show a range costs that may be used as a reference when 
making decisions.  
The US EPA published a series of documents as part of their Superfund Innovative Technologies 
Program, in 2006, titled “XRF Technologies for Measuring Trace Elements in Soil and Sediment” which 
looked at the performance of eight different XRF instruments. The following is a summary of this 
project, as described by EPA. 
“The U.S. Environmental Protection Agency (EPA), Office of Research and Development (ORD) conducted a 
demonstration to evaluate the performance of innovative x-ray fluorescence (XRF) technologies for measuring trace 
elements in soil and sediment. The demonstration was conducted as part of the EPA Superfund Innovative 
Technology Evaluation (SITE) Program. Eight field-portable XRF instruments, which were provided and operated by 
six XRF technology developers, were evaluated as part of the demonstration. The technology developers brought 
each of these instruments to the demonstration site during the field portion of the demonstration. The instruments 
were used to analyze a total of 326 prepared soil and sediment samples that contained 13 target elements. The 
same sample set was analyzed by a fixed laboratory (the reference laboratory) using established EPA reference 
methods. The results obtained using each XRF instrument in the field were compared with the results obtained by 
the reference laboratory to assess instrument accuracy. The results of replicate sample analysis were utilized to 
assess the precision and the detection limits that each XRF instrument could achieve. The results of these 
evaluations, as well as technical observations and cost information, were then documented in an Innovative 
Technology Verification Report (ITVR) for each instrument.” 
 
The eight XRF analyzers, which were investigated by the EPA for their performance evaluation, are 
provided in the following table (EPA, 2006).  
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Note: The Innov-X model XT400 Series was tested by the EPA in their performance evaluation where as 
the Innov-X model α-4000 was utilized in this research, which is a similar analyzer.  
 
Each report issued by EPA contained an economic analysis which looked at cost elements such as 
instrument purchase (or rental), supplies, labor, and ancillary items. The information was collected from 
manufacturers as well as from observations during the field work. The following table is provided from 
this report and represents the average equipment costs from all eight devices analyzed: 
 Cost Element XRF Demonstration Average 
Shipping $410  
Capital Cost 
(Purchase) $54,300  
Weekly Rental $2,813  
 
For a reference, the XRF analyzer used for this thesis was purchased for approximately $31,000. This 
included all equipment, test stand, chargers, tax and shipping. Other costs associated with using an XRF 
would be labor, supplies and confirmatory laboratory costs. The average cost calculated by the EPA, 
during their economic analysis study, for supplies required to processes samples was determined to be 
$0.75/sample. The amount of supplies and laboratory confirmation samples will vary both on the size of 
the project and each projects data quality objects, and therefore are not viable for comparison. 
Depending on the quantity of sample cups or laboratory samples required there will be a range of prices 
due to discounts given by manufactures/laboratories.   The EPA’s supply calculation was determined for 
a specific number of samples in a laboratory environment and may vary based on the scope of each 
project.  
For example, the laboratory currently contracted to analyze samples at projects (where this thesis’s XRF 
analyzer may be used at) charges approximately $82.50 to analyze for Uranium-233/234, 235/236, 238 
(isotopic) and $82.50 to analyze for Thorium-228, 230, 232 (isotopic). This price is based on sending 
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between 1 and 10 samples to the laboratory and a discount is applied for larger quantities. This price is 
extremely low when compared to the average price a laboratory would charge (due to the current 
contract in place). A typical sample for isotopic uranium or isotopic thorium could range from $200 - 
$300. Therefore if a new company starts up and wants to contract a laboratory, for the first time, they 
might be paying around $600 to analyze one sample for both isotopic uranium and isotopic thorium.  
Assuming the lower end of the sample costs, to be conservative, a company would be spending 
approximately $400 to analyze one sample for both isotopic uranium and isotopic thorium. The EPA 
reported the average weekly rental price of an XRF analyzer to be $2,813. Therefore, in order for renting 
an XRF analyzer to be worth the investment the user must analyze at least 8 samples onsite with the XRF 
that would have normally needed off-site laboratory analysis (see Calculation 1). 
Calculation 1:  
# Of Samples with XRF Analyzer = ($2,813 Rental Cost Per Week)/($400 Cost Per Laboratory Sample) 
    = 7.03 Samples/Week 
 
Next one can look at the cost benefit of buying an XRF analyzer versus renting one, to do this one can 
use the same sample cost assumptions, as above, and use the EPA’s average capital purchase cost of an 
XRF analyzer ($54,300). Therefore, in order for buying an XRF analyzer to be worth the investment the 
user must analyze at least 136 samples onsite with the XRF that would have normally needed off-site 
laboratory analysis, over the entire lifetime of the XRF analyzer (see Calculation 2).  
Calculation 2: 
# Of Samples with XRF Analyzer = ($54,300 Purchase Cost)/($400 Cost Per Laboratory Sample) 
    = 135.75 Samples/Life of the XRF Analyzer 
In order to determine if an XRF analyzer is a cost-effective tool for a specific project, a user must 
determine how many samples they plan on sending off-site and how often field data will be collected. If 
the scope of the project is to scan, on occasion, pieces of steel throughout a three month job then it 
may be worthwhile renting an XRF (rather than purchasing). On the other hand, if a user intends to scan 
everything with an XRF analyzer and truly strive to reduce project costs (number of samples sent off site) 
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then purchasing an XRF analyzer may be worth the initial startup capital. The analyzer can then be used 
at future projects. 
For the analyzer used for this thesis ($31,000), and using the conservative cost per sample of $400 
(isotopic uranium $isotopic thorium), in order for buying this analyzer to be worth the investment we 
must analyze at least 78 samples onsite with the XRF that would have normally needed off-site 
laboratory analysis, over the entire lifetime of the XRF analyzer (see Calculation 3).  
Calculation 3: 
# Of Samples with XRF Analyzer = ($31,000 Purchase Cost)/($400 Cost Per Laboratory Sample) 
    = 77.5 Samples/Life of the XRF Analyzer 
For the experiments carried out in this thesis there was 947 XRF measurements collected on a total of 
149 different samples (for an average of 6.35 measurements per sample). The purchase of an XRF 
analyzer was justified in amount of data collected for this thesis and the cost savings in laboratory 
analysis. This analyzer will continue to be used to collect field information at future projects.   
5.5 – XRF Conclusions 
The purpose of this thesis was to determine if XRF analyzers would be a useful tool to detect total 
uranium and total thorium in a real-time setting to help make quick project decisions. The current 
methods used, at FUSRAP sites, to identify uranium and thorium involve laboratory analysis (i.e. 
gamma/alpha spectroscopy) which add costs to a project and time waiting for results. Two main 
research questions were asked in chapter 1 of this thesis:  
1) Can real-time decisions be made using XRF to guide radiological environmental projects? 
2) Can a correlation between XRF in-situ analysis and standard laboratory methods be determined? 
The experiments presented throughout this thesis determined that real-time decisions can be made 
using XRF analyzers on soil samples which contain total uranium. The XRF analyzer used for the 
experiments in this thesis was capable of determining the presence of total uranium and total thorium 
in laboratory standards (containing the natural abundance of isotopes; i.e. mostly U-238 and Th-232).  
After analyzing laboratory standards, this thesis analyzed 141 soil samples from two different FUSRAP 
projects. The conclusion of both the TTLF and Linde FUSRAP sampling was that the XRF analyzer showed 
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a strong relationship between reported XRF total uranium concentrations (ppm) and laboratory U-238  
(pCi/g). The sampling at both TTLF and Linde did not find a relationship between reported XRF total 
thorium (ppm) and laboratory Th-230 (the primary contaminate of concern at FUSRAP sites).  
Therefore, this thesis determined that an XRF analyzer would be useful to make real-time decisions 
during investigations at properties which may contain total uranium. The data collected in this thesis 
was not able to find an exact correlation between in-situ analysis and laboratory analysis but a strong 
relationship was present when data was plotted. Although a direct relationship was not identified (i.e. 
converting a total uranium XRF measurement into an exact U-238 concentration) an investigator can use 
an XRF analyzer to determine the presence of total uranium in a sample and the magnitude of its 
concentration. 
If a user is interested in screening level results, a short acquisition time (less than 45 seconds) could be 
used with reasonable accuracy (small standard deviation/reported error) and for all soil samples 
analyzed in this thesis a minimum of 45 seconds was utilized for in-situ measurements. At acquisition 
times of 45 seconds and greater, the relative standard deviation decreased for all reference standard 
concentrations analyzed. An acquisition time of 45 seconds almost always had the same reported error 
as an acquisition time of 60 seconds; therefore 45 seconds may be the point of diminishing return for 
acquisition times less than one minute. If a user is interested in definitive results, this thesis determined 
that repeated measurements using an acquisition time of 180 seconds will give the lowest reported 
error/relative percent error, and lowest relative standard deviation. From this thesis all soil samples 
analyzed ex-situ were collected using a 180 second count time with sequential measurements.  
When using the XRF analyzer in a field setting, the user should make sure that the iPAQ and XRF 
batteries are fully charged. It was determined that when the iPAQ and XRF batteries are depleted, the 
iPAQ may start to pull a current from the XRF, to charge itself, and it can affect the reported results. 
Quality control scans should be used throughout a work day to ensure that consistent results are found. 
Multiple batteries could be used for field work in remote locations and batteries should be charged 
during lunch breaks (if possible) and after each work day to prevent reporting errors.  
Spectral interference, near the 13.61 keV Lα1 peak, was identified during this thesis when a sample 
contained the element strontium (Sr). The element Sr was present in soil samples being analyzed at 
concentrations many magnitudes higher than that of total uranium. The peak interference between 
strontium and uranium overestimated the reported XRF results for total uranium. Future investigators 
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should be aware of spectral interference and adjust the XRF settings accordingly. The XRF analyzer used 
for this thesis had a region of interest, for total uranium, which was adjustable to avoid the strontium 
peak interference. If user settings are unable to compensate for the spectral interference the user 
should contact the XRF manufacture to work on a solution.   
Finally, the costs of renting versus purchasing an XRF analyzer were presented using averages calculated 
from an EPA XRF economic analysis. To determine whether or not a project should rent or purchase an 
XRF analyzer depends on the scope of a project (including number of samples and length of projects 
schedule). It may be cost effective to rent an XRF for a short project with low sample density but it also 
may be worthwhile to purchase an XRF analyzer on a long term project with high sample density. One 
advantage to owning an XRF analyzer is the potential to use it on multiple projects, on short notice, for 
the lifetime of the analyzer.  
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